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ABSTRACT
Electrified vehicles have proven to be potential candidates in the future for disrupting
the automotive industry which is dominated by conventional gasoline vehicles. Electric
vehicle (EV) technology has evolved rapidly over the last decade with new designs of EV
drivetrain systems and components but no specific design has been able to serve as a
solution that is affordable, reliable and performance-wise similar to existing gasoline
vehicle equivalent. Extended driving range and overall cost of the vehicle still remain
major bottlenecks. Understanding the state-of-the-art technologies and challenges in
existing electric vehicle powertrain and charging systems, with major focus on permanent
magnet synchronous machines & drives, this dissertation presents the following:

1. Structural Design and Output Performance Targets for a Motor and Drive in a
Novel On-board Direct-drive Electric Vehicle
2. Investigation of Challenges in Permanent Magnet Synchronous Machines during
Integrated Charging Operation in EVs
3. A Novel Approach Towards Parametric and Structural Design of 3-phase Interior
Permanent Magnet Synchronous Machine for Direct-drive Electric Vehicles
4. Design and Steady-state Analysis of Interior Permanent Magnet Synchronous
Machines with Dampers for Traction and Integrated Charging Applications
5. Mathematical Modelling and Design of Unconventional 6-Phase IPMSM for
Integrated Charging and Direct-drive Applications
6. Design and Analysis of 3-phase and 6-phase Fractional-Slot ConcentratedWinding Surface Permanent Magnet Machines for Direct-drive and Integrated
Charging Applications
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Chapter 1
Introduction
Firstly, an overview of commercially available electrified vehicles (EVs) based on a
market survey is presented in this chapter. The inference drawn out of this survey
presented in section 1.1 assists in setting macro level goals for the advancement of EV
technology that will be targeted through scientific research and development activities
conducted in this dissertation. Sections 1.2 and 1.3 discuss background literature
compiled on the state-of-the-art technology in areas such as electric machines and battery
chargers for electrified vehicles that are major areas of foci in this dissertation. Such a
background literature study at the component level assists in understanding the
challenges and benefits of various drivetrain component technologies in order to improve
upon some of their features such as weight, cost, efficiency, etc. using mathematical
modelling, design, analysis and testing. Sections 1.4 and 1.5 explain: a) the challenges in
existing EV drivetrain components and systems technologies which are justified using
background literature; b) research and development activities undertaken to mitigate the
challenges and; c) research contributions that this dissertation has made, in order to solve
the challenges at the component level, towards advancement of the EV drivetrain system.

1.1 Overview on Current Electrified Vehicle Technology
The concept of electrified vehicles is the best old ‘new’ idea that has been around for the
last century. Designs have changed based on available technology to make EVs popular,
but to date no design has proved to be an alternative to existing gasoline vehicles in terms
of overall cost, operating cost and driving range (mileage). Table 1.1 presents details on
cost, mileage, ratings of battery and motor used in commercially available EVs. What is
missing is a certain je ne sais quoi — a winning combination of technology, desire, and
marketing to make EVs indispensable to the average North American. Hence, this
dissertation aims at extending the driving range and reducing the overall and operational
costs of the electrified vehicle through technical advancements in electric machine,
transmission and charging technology.
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TABLE 1.1
RETAIL PRICE, DRIVING RANGE UNDER SINGLE CHARGE, BATTERY AND MOTOR POWER
RATINGS OF COMMERCIALLY AVAILABLE ELECTRIFIED VEHICLES [1]
Year

2015

Model Name
Daimler-Smart EV
Fiat 500e
Ford C-MAX Energi
Ford Focus Electric
Mitsubishi i-MiEV
Chevrolet Spark EV
Nissan Leaf
Chevrolet Volt
Ford Fusion Energi
BMW i3
BMW i8
Mercedes-Benz
B250e
Tesla Model S

2016

Volkswagen e-Golf
Kia Soul EV
Cadillac ELR
Porsche Panamera S
E-Hybrid
Porsche Cayenne S
E-Hybrid
Audi A3 Sportback
e-tron
BMW X5 xDrive
40e
Hyundai Sonata
Plug-In Hybrid
Mercedes-Benz
S550e
Volvo XC90 T8
"Twin Engine"
Tesla Model X

Price
(USD)

Battery
Power
(kWh)

Electric
Only
Miles

Motor
Power
(kW)

$25,750
$32,780
$32,645
$29,995
$23,845
$25,995
$29,860
$33,995
$34,775
$43,395
$141,695

17.6
24
7.6
23
16
19
24-30
18.4
7.6
22
7.1

68
84
20
76
62
82
84-107
53
20
81
15

55
83
88
107
49
105
80
111
88
125
96

Combined
Propulsion
Power
(hp)
--195
-----195
-357

$42,375

28

87

132

--

$71,200
$106,200
$29,815
$32,800
$64,995

70
90
24.2
27
17.1

234
270
83
93
40

284
568
85
81
174

$94,250

9.4

16

70

416

$78,250

10.8

14

70

416

$37,900

8.8

16

75

204

$63,095

9

14

82

308

$35,435

9.8

27

50

416

$96,575

8.7

14

85

329

$96,095

9.2

14

60

315

$81,200

70-90

220-257

568

--
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1.2 Electric Machines and Drives for Electrified Vehicles
Over the last decade, factors such as substantial investment, geo-political interests,
multiple motor topologies, cost reduction, varying performance, compact packaging, and
integration have led to an increased interest in studying electric motors for electrified
vehicles. By the end of 2020, it is predicted that the global demand for electric traction
motors will rise to 8 million from 4.5 million today and that the demand for electrified
vehicle motors will grow significantly. More than 61% of this volume will come from
full-hybrid non-plug-in-vehicles and 13% will come from battery electric vehicles. EV
market including hybrids and battery electrics will be the strongest in 2016 due to the
activation of the Corporate Average Fuel Economy (CAFÉ) standards. Hybrid variants of
existing vehicles will be the primary driver of higher volumes of electrified vehicles until
2016, thereafter led by plug-in hybrid vehicles and battery electric vehicles. Japan is the
largest producer of traction motors with more than 58% of global volumes. Following
Japan is the United States of America as the next largest producer with 19% of global
volumes, with Europe and China next in line. China is expected to manufacture EV
motors mostly with ratings of 75 kW and above. It has also been predicted that the
permanent magnet synchronous motors (PMSM) will continue to dominate the market
and other motor technologies will remain niche technologies with less than 5% market
volume over the next five years [2].

1.2.1 Desired Characteristics from a High-speed Traction Motor in EV
Although electric motors have already been there for decades, the most suitable
electric motor and propulsion drive for EV traction application still calls for research and
development as high reliability, high efficiency, compact size, weight, cost, lower
temperature rise, fault tolerance, high torque density and high power density are key
factors for an electric drive system. These factors are specific for EV traction motor when
compared to motors in industrial applications. An EV traction motor must be able to
deliver high instant power, high torque at low speeds for starting and climbing, high
power at high speeds for cruising and have a high power density (power output/volume).
The motor must also have a very wide constant power speed range as well as high torque
at the constant torque region.
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In addition, high efficiency for wide speed and torque ranges, as well as for
regenerative braking is required [3]. Fig. 1.1 shows the desired torque-speed and powerspeed characteristics from EV traction motor. The electric machines must be designed to
achieve high reliability and robustness for various vehicle operating conditions.
Reasonable cost is another priority that needs to be addressed during the design process.
Electric machine weight and volume based on the size of the vehicle needs to be
considered as well. Additionally, the energy storage system specifications and DC bus
level will also influence the machines’ design and performance characteristics. These
characteristics of the motor are reflected in numbers and set as design targets by the
freedom car 2020 specifications [4].

Fig. 1.1. Desired Torque-Speed and Power-Speed characteristics from an EV traction motor.

1.2.2. Review of Electric Machines Existing On-board EVs
Most of the commercially available EVs are powered either by permanent magnet
synchronous machine(s) (PMSMs) or induction machine(s) (IMs). Their peak power
ratings range between 45 kW and 400 kW depending on the size and design of the
vehicle’s powertrain. Most of the machines are radial flux machines. The hybrid electric
vehicles’ (HEV) motor peak power rating range between 15 kW and 110 kW depending
on the drivetrain architecture and the degree of hybridization. These motors are generally
designed to produce a maximum torque between 180 Nm and 450 Nm and their
maximum speed capability ranges between 4,500 rpm and 13,500 rpm. Different motors
have different poles such as 12, 10 and 8; however, a slot/pole combination of 48/8 has
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been majorly used. Case studies performed on existing traction motors and background
literature studied shows that traction motors employed in commercially available vehicles
today have a peak efficiency of 93%-95%, average efficiency of 87%-90% and a
minimum efficiency of 65%-80%.
The all-electric Tesla S85 employs a 270 kW AC induction motor (IM) that produces
high torque up to 441 Nm at very low rpm and delivers constant acceleration up to
11,200 rpm [5]. Nissan utilizes a 80 kW AC PM synchronous motor in its all-electric
vehicle known as the “Leaf” which is capable of producing 280 Nm and constant power
up to 10,390 rpm. This PM machine has 48 slots and 8 poles with a stator outer diameter
of 199 mm, rotor inner diameter of 130mm and stack length of 151 mm [6]. The
Mitsubishi i- MiEV is another B-segment or Supermini battery electric vehicle with a 47
kW permanent magnet synchronous motor capable of producing 180 Nm of torque [7].
The Chevy Volt plug-in HEV employs a 110 kW, 9,500 rpm, 12 pole permanent
magnet AC synchronous motor and a 55 kW, 6,000 rpm, 16 pole permanent magnet AC
synchronous generator in the vehicle’s drivetrain capable of producing 370 Nm and 200
Nm of torques respectively. Both the machines of the Voltec electric drive system are
interior permanent magnet machines with the motor having a distributed winding and the
generator having a concentrated winding in their respective stators. Rotors of both the
machines have interior magnet configuration, which leads to favorable rotor saliency and
improvement in torque density [8].
The Toyota Prius full-HEV has different versions and each of these versions have
interior permanent magnet machines with different power ratings. Toyota has been
constantly improving the performance of their traction machines that have peak power
ratings of 50 kW and 60 kW in their 2004 and 2010 versions. Peak torque ratings of 400
Nm and 207 Nm and speeds of 6,000 rpm and 13,500 rpm have been achieved through
motor designs in their respective 2004 and 2010 versions. The 2010 Prius motor is
capable of producing 60 kW for 18 seconds prior to reaching a stator temperature of
150°C. The 8 pole rotors of both the machines have a V shaped magnet configuration
which leads to favorable rotor saliency and improvement in torque density [9].
The Chrysler hybrid transmission system employs a 3-phase, 10-pole interior PMSM
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that can produce a peak power of 60 kW at 300 V. The continuous power rating of this
motor is 50 kW and it has a peak efficiency of 91% at 25 kW with a maximum motor
speed of 10,400 rpm. The electrified powertrain comprises of motor-generator sets that
are driven through a common power inverter module.
Honda and Hyundai HEVs focus on surface PM and inset PM machines with
segmented stator structures and fractional-slot concentrated windings. Segmented
structures not only have the potential for increasing copper slot factor and reducing
manufacturing costs but they also compromise the stator back iron rigidity. The Honda
designs tend to have low winding factor of 0.866. Honda has developed a pancake shape
15.5 kW PMSM for its Civic Hybrid that uses inset permanent magnets in its rotor,
concentrated windings in its stator and displays a very high efficiency. In addition, it is
worth noting that the Honda designs utilize low DC bus voltage. The machines are
designed for tight integration with the ICE-drivetrain housing [6], [10].
Hence, it can be observed from the above that each of the automakers are trying to
develop better and different traction motors through extensive research and development
activities as the search for the optimized vehicle traction motor is still continuing. It is
evident that the light-duty hybrid vehicle industry has shifted to PM machines in order to
meet the aggressive targets (in terms of power density, efficiency and cost) of the electric
drivetrain. Although PMSM technology has progressed significantly in recent years,
several constraints remain that require a great deal of attention. The entire task of
machine design is complex as there are so many parameters of the EV drivetrain system
and components such as power electronic converter, controls, transmissions and vehicle
architecture that have to be taken into account in order to arrive at an optimal design of
EV motor. Moreover, various circuit parameters and best available steel, copper and
magnet materials have to be considered to optimally design the machine to reach the
targets as discussed in section 1.2.1.

1.3 Charging Schemes for Electrified Vehicles
The current generation of plug-in electrified vehicles has an on-board charger that uses
a rectifier to convert the AC power from the electrical grid to DC power suitable for
recharging the vehicle’s battery pack at Level 1 (AC) charging conditions. Papers [11],
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[12] show that the commercial on-board chargers still have poor power quality
characteristics in terms of polluting the system through harmonics. The effect of
harmonics alone might be an important reason to terminate the power transfer between
the vehicle and the utility grid. In addition, the effect of increase in load and low power
factor on the distribution grid should be considered. As the number of vehicles increase,
load increases and hence, it worsens the current trend of harmonic distortion. This is a
safety and economic concern to the utility companies, as transformers and feeders are
prone to overloads and negative impacts from the poor power quality, as they do not have
control over such on-board chargers. Cost, weight, space and thermal issues limit how
much power the rectifier can handle [13]. Level 1 charging is the slowest method. In the
United States, a Level 1 charger uses a standard 120V/15A single-phase grounded outlet,
such as an NEMA 5-15R. The connection may use a standard J1772 connector into the
EV AC port [14]. The installed cost of a Level 1 charger infrastructure has been reported
as approximately $500 - $880 [15], [16], although in general it would be expected that
this charger would be integrated into the vehicle.
Most conventional charging solutions are based on 230V/15A service in Europe, or
240V/30A service in North America and Japan. A Level 2 (AC) charger as used in the
Tesla roadster is reported to have an installed cost between $1,000 and $3,000 [17], with
a residential unit costing $2,150 in [16]. The Tesla Roadster charging system is reported
to impose an additional cost of $3,000 [18]. Commercial all electric vehicles such as the
Mitsubishi i-MiEV, Tesla Roadster and Nissan Leaf take around 7, 12-16, and 30 hours
respectively to charge using the Level 1 charger and 4, 6-8, and 4-12 hours using a Level
2 charger. Plug-in HEVs such as the Toyota Prius and Chevy Volt take around 3 and 5-8
hours respectively to charge using Level 1 charger and 2-3 hours using a Level 2 charger.
It is expected that these vehicles will be charged within 15-30 minutes to approximately
80% of the battery capacity using a DC fast charging station or Level 3 charger [19].
Level 3 (DC) chargers with higher efficiency are expected to alleviate power quality
issues and charging time [19]. The utility companies can own/manage these charging
stations, which will reduce their power quality concerns as they have greater control over
these monitored charging stations. As reported in [20] and [21], Level 3 charging
infrastructure costs between $30,000 and $160,000. Hence, these chargers will probably
7

only be used at public charging stations. On an average, Level 1 or 2 chargers are
favorable for residential conditions.
Currently all-electric vehicles such as Nissan Leaf, Peugeot iOn, Citroen Czero and
Mitsubishi iMiEV have been equipped with Level 3 charging capability along with Level
1 charging capability through an installed on-board charger. Fig. 1.6 (a) represents the
charging capability available in such EVs. Moreover, Nissan North America Inc. has
actively collaborated with a solar power company to build Level 3 charging stations
employing a mixture of solar PV and utility grid powered charging systems which
bolsters the development of Level 3 charging technology [22], [23]. A field study by
TEPCO in the period 2007-2009 has clearly shown that fast charging is a key instrument
in the successful rollout of plug-in electric vehicles. It was shown that without fast
charging, range anxiety plays an important role in demotivating consumers to
purchase/use electric vehicles. The study involved installation of several fast chargers in
the successive years and people started using their electric vehicles and drove five times
longer distances [24].
Supported by government incentives, the market for plug-in EVs can rise if adequate
fast charging facilities are provided in permanent locations such as the existing gas
stations, provided with high-amperage connections from a power system containing onsite solar power generation and the grid. Such large scale installations of charging
stations will advance the charging infrastructure and technology for electrified vehicles
and create a trend of charging the electric vehicles (EVs) at permanent charging stations
just like filling up gasoline in the existing gas stations for gasoline vehicles. The author
does understand that the advancement in charging technology has to go hand in hand with
the advancement in battery technology as the battery should be able to handle the high
inrush of power from such DC fast charging stations. However, scope of this dissertation
is limited to advancing the charging technology and infrastructure only.
Further background literature corresponding to various topics presented in this
dissertation is provided in the respective chapters.

1.4 Research Objectives of this Dissertation
This dissertation considers only all-electric vehicles or battery electric vehicles.
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However, concepts presented in this dissertation can be borrowed and applied with
necessary modification to HEV drivetrain systems and components.

1.4.1. Proposed Direct-drive Scheme for EVs
The overall and operational cost of the electric vehicle (EV) and limited driving range
when compared to that of the existing gasoline vehicles remain as major bottlenecks for
mass consumption of these EVs [25]. Electrical equipment such as power electronics
devices and electric machines in the EVs, have their average practical operating
efficiencies near 90% and research is being conducted to optimize them in terms of
weight, cost, materials, topologies, space, electrical, thermal and mechanical
performances so that advancements can be made towards their theoretical targets and
above.
In a typical Supermini or B-Segment internal combustion engine (ICE) based vehicle,
power output from the engine is transmitted to the wheels through the clutch or torque
converter, variable gearbox, fixed gearbox, differential and drive shaft [3]. In a
commercially available EV, the variable gearbox is eliminated and power is transferred
from the motor to the wheels through a clutch or torque converter, fixed gearbox,
differential and drive shaft [3]. A representative image of a fixed gear transmission and
differential in a conventional EV is as shown in Fig. 1.2 (a) and (b) [4].

(a)
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(b)
Fig. 1.2. Representative images of the fixed gear transmission system in a conventional EV [4]. (a) Fixed
gear transmission system including fixed gearbox, differential and drive shaft. (b) Differential only.

TABLE 1.2
POWER, TORQUE, FIXED GEAR RATIO AND SPEED OF SOME COMMERCIALLY AVAILABLE
ELECTRIC VEHICLES [5]
EV Model

Nissan Leaf

Tesla S 85

Chevy Spark

Motor Power

80 kW

270 kW

97 kW

Peak Torque

254 Nm

441 Nm

542 Nm

Gear Ratio

7.94

9.73

3.17

Peak Wheel Torque

2,017 Nm

4,291 Nm

1,718 Nm

Maximum Motor Speed

10,200 rpm

11,200 rpm

4,500 rpm

Table 1.2 presents details of output power, peak torque and maximum speed of motors
employed in EVs such as Nissan Leaf, Tesla S 85 and Chevy Spark. Table 1.2 also
presents the fixed gear ratio in each of these EVs which is responsible for multiplying the
motor torque and making it available at the wheels of the EV. Hence, the fixed gearbox
multiplies the motor torque and divides the motor speed by the gear ratio. This is how
high speed low torque machines are utilized to propel conventional EVs. The higher the
gear ratio, the lower the rated torque production requirement and the higher is the
maximum speed requirement of the machine for a particular segment of EV. A lower
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torque producing machine can have smaller overall dimensions and lower weight as well
when compared to a higher torque producing machine. This is the reason existing EV
motors are low-torque high-speed motors.
Hence, in commercially existing EVs, power is transferred from the motor to the
wheels through a fixed gear mechanical transmission system. However, such a
transmission system is found to contribute to a power loss between 2% and 20% of the
output power of the motor depending on the operating speed and torque of the motor
[26], [27]. Fig. 1.3 illustrates the traction motor transmission losses as a function of motor
output power and speed [26], [27].
This leads to the concept of a single on-board motor direct-drive scheme for EV, which
is expected to yield improved motor-to-wheel efficiency in the EV drivetrain system. The
proposed direct-drive EV eliminates either of the gears resulting in a direct transfer of
motor power to the wheels through a clutch box and differential. Fig. 1.4 shows the
direct-drive EV configuration proposed in this dissertation. The motor shaft is considered
hollow, through which the differential shaft passes and rotates as the motor shaft rotates.
According to the author’s knowledge, there exists no commercial EV incorporating the
direct-drive configuration using a single motor. This single motor direct-drive concept
considered here is different from in-wheel hub motors that would increase the unsprung
weight and affect handling and ride of the EV. In any case, an EV propelled by an
electric machine and its drive does not require a transmission to cater to the vehicles’
torque requirement at different speeds unlike in a gasoline vehicle propelled by an IC
engine (ICE). However, major design challenges involved in such a gearless system is the
trade-off between the size and power capacity of the electric machine as the torque
required by the wheel shaft is completely provided by the motor which may result in an
increase in motor size. The motor is required to deliver high torque at the start and
maintain high efficiency in a large operating range within limited space, weight and cost
constraints. The advantages of such a direct-drive system with permanent magnet (PM)
machine will be [28]:


lower component count



less maintenance and lubrication cost
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reduced mechanical losses and noise



lower frequency induced losses in the PM machine due to its lower maximum
speed operation compared to a typical high speed traction machine

The challenges in realizing such a system will be:


Size and weight of the PM machine as the torque required by the wheel shaft is
completely provided by the motor.



Torque ripple, generated due to non-sinusoidal induced and air-gap emf, created
due to the space and time harmonics, now directly transferred to the wheels,
which otherwise are generally damped by the mechanical parts in a transmission
system in existing EVs [29].



Cogging torque, as the machine is designed for low speed with high power
density magnets on the rotor that might yield high cogging torque [30].

Nominal
operating
region

(a)
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(b)
Fig. 1.3. EV motor transmission losses as a function of motor output power, torque and speed [26], [27].

The direct-drive configuration in conjunction with high performance permanent
magnet motors are popularly used in washing machines, wind turbines, in-wheel drive of
electric vehicles and aerospace applications. A literature survey on direct-drive
permanent magnet motors illustrates that studies have been conducted on analysis of
multi-polar surface PM machines and flux-switching PM machines for wind generator
application [31], design of axial-flux machines and optimal slot pole combinations for inwheel motors [32], [33], and methods have been proposed for reduction of cogging
torque and torque ripple [29], [30]. This dissertation exclusively considers an EV direct13

drive powertrain that has a single radial flux motor that is used for traction unlike other
papers that focus on in-wheel direct-drive motors.

PM
Motor

Differential

Hollow motor
shaft

Differential
shaft

Fig. 1.4. Schematic of the proposed on-board single motor direct-drive configuration for EVs.

1.4.2. Integrated Charging for EVs
Existing EVs are equipped with Level 1 on-board chargers for charging from 120 V/60
Hz single-phase supply and Level 3 charging capability using a DC fast charger installed
at public charge stations. Fig. 1.5(a) illustrates the schematic block diagram of a 3-phase
Level 3 (DC) charger employing power electronic converters and line inductors. During
the battery-charging mode, the 3-phase AC-DC converter essentially acts as a high
performance rectifier with near-unity power factor. A boosted constant DC link voltage
of more than the peak of the utility input line-to-line voltage for this rectifier can be
maintained by properly controlling the power electronics switches of the rectifier. A DCDC converter in between this rectifier and the battery of the vehicle is required for battery
charging control based on the command generated by the battery management system,
which is usually integrated with the battery pack in the vehicle. A current or voltage
control strategy is employed to adjust the current injected into the battery to charge the
battery at an acceptable rate. To make the rectifier act as a boost AC-DC converter and
minimize the harmonic components injected by high frequency switching, line inductors
are connected in series with the converters.
On the other hand, the traction motor drive system configuration is shown in Fig.
1.5(b). During motoring, the DC-DC converter will be responsible for maintaining a
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constant DC link at the input of the AC-DC converter, which operates as an inverter for
motor drive application. During regenerating mode, the power flow goes from the
machine to battery.
Three-phase 60 Hz
AC Mains (208 VLL)

ibattery

Ls

DC-DC
Converter

EV Battery

Three-phase
AC-DC
Converter

Ls
Ls

a

b
b

c

(a)

ibattery

EV Battery

Bidirectional
DC-DC
Converter

Three-phase
Bidirectional
AC-DC
Converter

AC Machine

(b)
Fig. 1.5. Block diagram of a 3-phase Level 3 battery charger topology and traction motor drive existing in
commercially available EVs. (a) Level 3 battery charger. (b) AC motor drive system.

It can be seen that the power electronic components for a 3-phase Level 3 battery
charging and an AC motor drive system are the same. Therefore, the drive system can be
used for charging the battery with additional contactors for mode switching. Moreover,
the line inductors can be replaced by PM machine windings with various inductance
configurations. Because of the bi-directional nature of the traction system, both grid to
vehicle (G2V) charging and vehicle to grid (V2G) discharging can be implemented. As a
result, the additional components for on-board 3-phase charger materials are simply
relays/contactors. Hence, power circuit components of the permanent magnet (PM) motor
drive system existing in an electric vehicle can be utilized towards level-3 charging of the
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battery pack employing the PM machine inductances as line inductors.
Therefore, a separate on-board battery charger used for Level 1 charging can be
eliminated from the EV leading to merits such as reduced weight and overall cost of the
electric vehicle (EV) while providing Level-3 charging or DC fast charging capability
anywhere with a 3-phase 208 VLL-rms utility grid supply. Such input supply capability can
be easily installed or readily available at residences or places like industries, offices,
malls, parks, etc. The concept of “Quick EV Charging Stations” like existing gasoline
stations can also be implemented with ease. This beneficial feature of integrated charging
technology is propelling research and development activities in this area.
During integrated charging (IC) operation, the vehicle will be stationary and one end of
the stator terminals of the standstill motor will be connected to a 3-phase outlet rated at
208 V and 60 Hz as in Canada to enable fast charging. An alternating magnetic field will
be produced in the air-gap of the motor as a function of the three-phase AC charging
current in the stator windings of the permanent magnet (PM) machine during integrated
charging (IC). Theoretically, this is expected to lead to unusual loss and magnet operating
characteristics because of the alternating magnetic field and standstill condition of the
rotor, which is not encountered in regular traction operation of the machine. However, the
machine that will be designed and employed for traction will be used for IC as well in a
typical electric vehicle (EV). Hence, this calls for an investigation of the machine’s
behavior during IC in order to optimally design the machine for both IC and traction
applications. Existing literature on IC technology for EVs has explored integrated
charging systems with different motor and drive technologies [34]-[37], multi-phase
machines and proposed various converter topologies [38]-[45]. However, most of the
EVs use interior PMSMs (IPMSMs) as their traction motors due to their large power
densities, rugged construction, higher efficiencies, and capabilities to run over a large
speed ranges with an almost constant power output with zero maintenance [46].
Integrated charging systems that were developed earlier mainly focus on the
functionality, are simple in construction and operation, and require only some additional
relays/contactors [34]-[37]. However, electromagnetic torque is developed on the motor
shaft during charging and there is no isolation in these systems. Attempts to mitigate the
mechanical hazard of the unwanted torque have been presented in [38]-[41]. Multi-phase
16

or split-phase motors were used to perform zero torque control to eliminate torque
oscillation and vibration. Also in [42]-[45], a specially designed permanent magnet motor
was used to provide isolation of the charger from the grid. Different types of integrated
chargers have been reported to solve the challenges by using additional hardware or
innovative control algorithms. According to the author’s knowledge there is scanty
literature illustrating challenges in the PM machine itself during IC.
Hence,

combining

both

direct-drive

and

integrated

charging

technologies,

investigations are conducted on both surface and interior permanent magnet synchronous
machines. This is the overall research objective of this dissertation. To summarize the
overall research objectives of this dissertation Figs. 1.6 (a)–(d) provides a pictorial
explanation. Fig. 1.6 (a) illustrates an existing EV architecture with Level 1 and 3
charging capabilities and a powertrain with fixed gear transmission. Fig. 1.6 (b)
illustrates EV architecture with only integrated charging capability but a powertrain with
fixed gear transmission. Fig. 1.6 (c) illustrates EV architecture with direct-drive
architecture but Level 1 and 3 charging capabilities. Fig. 1.6 (d) illustrates the proposed
EV architecture with both integrated charging capability and direct-drive scheme.

(a)

(b)
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(c)

(d)
Fig. 1.6. Representational figures to illustrate existing EV architectures with transmission and Level 1 and
3 charging capabilities and proposed EV architectures with direct-drive and integrated charging
capabilities. (a) Existing EV architecture with Level 1 and 3 charging capabilities and a powertrain with
fixed gear transmission. (b) EV architecture with only integrated charging capability but a powertrain with
fixed gear transmission. (c) EV architecture with direct-drive architecture but Level 1 and 3 charging
capabilities. (d) Proposed EV architecture with both integrated charging capability and direct-drive scheme.

1.5 Organization of this Dissertation Highlighting Research
Contributions
The major objectives of this dissertation are to investigate surface and interior
permanent magnet synchronous machines for the proposed EV architecture that includes
both integrated charging and direct-drive schemes in an effort to reduce the weight,
extend the range, and reduce the overall and operational cost of the EV. This dissertation
excluding this introductory chapter contains 6 chapters that present the research
conducted and novel research contributions made while working towards the overall
objectives. These chapters are organized as follows:
Chapter 2 presents a procedure to fix the nameplate torque & speed ratings and other
structural design targets for a direct-drive motor that would propel a modified 2014 Ford
18

Fiesta direct-drive EV. Analytical equations, vehicle dynamics simulation, details of
commercially existing vehicle EV motors, drives & transmission, and data collected from
literature study are employed towards fixing the design targets. This chapter fixes the
baseline characteristics/challenges for realizing a direct-drive motor, based on which
further investigations are conducted on PM motors for direct-drive application.
Chapter 3 discusses results obtained through investigations performed on both an interior
permanent magnet synchronous machine (IPMSM) and a surface permanent magnet
synchronous machine (SPMSM) that were originally designed for high-torque low-speed
EV traction applications, such as a direct-drive, and used for integrated charging
operation. A neutral stand is taken in exclusively investigating challenges in both the
machines, such as: 1) permanent magnet operation; 2) electrical and magnetic losses; 3)
temperature rise and 4) the effect of winding inductance during integrated charging (IC).
This chapter helps the researcher understand various challenges in employing these
machine types for integrated charging.
Chapter 4 presents a novel bottom-up design approach for direct–drive interior permanent
magent synchronous machines (IPMSM) that overcomes challenges existing in the
traditional “D2L formulation” based machine design approach. This maximum-torqueper-ampere theory based design approach provides the flexibility to design the IPMSM
for: A) a desired constant torque region; B) desired reluctance torque percentage; C) a
desired constant power region, which is required for a direct-drive motor unlike in
IPMSMs designed for conventional electric vehicles that require maximum or extended
flux-weakening regions; and D) optimal current angle. A prototype of the direct-drive
machine designed is experimentally tested and the proposed design approach is validated.
Chapter 5 - Based on the investigations conducted in Chapter 3, in an effort to mitigate
the saliency effect in IPMSM during IC operation, this chapter discusses results from
investigations on the addition of damper bars in the rotor of an IPMSM. A model based
design approach for an IPMSM with dampers is proposed that can yield desired output
characteristics during traction and assist mitigation of the effect of winding inductance
during IC operation as well.
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Chapter 6 - Building on the 3-phase PM machine design, this chapter presents a novel
model based design approach to design 6-phase PM machines which can: 1) Deliver
traction output characteristics similar to that of the 3-phase machines under the same
frame size and rated current; 2) Improve the minimum magnet operating point during
integrated charging when SPM machine type is used; 3) Reduce torque oscillations in
IPMSM and SPMSM when used for integrated charging; 4) Benefit low voltage DC bus
technology in EV; and 5) Reduce electrical and magnet loss in IPMSM and SPMSM
when used for integrated charging. The objective here was to design a 6-phase machine
topology which is favourable for both traction and integrated charging. Such a machine is
also prototyped.
Chapter 7 - This chapter presents the design of the direct-drive PM motor using fractional
slot concentrated winding (FSCW) topology in the stator and surface permanent magnets
(SPM) in the rotor in order to meet the direct-drive motor design targets specified in
chapter 2. A novel bottom-up machine design approach for 3-phase FSCW SPM machine
is proposed and validated. Moreover, a comparative perfromance analysis between 6phase and 3-phase FSCW SPM machines are condcuted in an effort to increase torque
desnity, reduce space harmonics, magnet and core losses. Results from the analysis
conducted are discussed.
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Chapter 2
Structural Design and Output Performance
Targets for a Motor and Drive in a Typical
Direct-drive Electric Vehicle
2.1. Introduction
This chapter presents a procedure to fix the nameplate torque and speed ratings and
design targets of a direct-drive motor by employing: 1) Analytical equations; 2) Vehicle
dynamics simulation; 3) Details of commercially existing vehicle, EV motors, drives and
transmissions; and 4) Data collected from literature study. Firstly, the proposed directdrive motor specifications or design targets are fixed for a converted supermini vehicle
such as a Ford Fiesta 2014 direct-drive EV that is currently an internal combustion engine
(ICE) based vehicle in the automotive market. Closed form analytical equations are used
in the first step to calculate rated and maximum torques and speeds. Thereafter, design
targets fixed above are further validated using a dynamic simulation model of the Ford
Fiesta 2014 direct-drive EV to obtain desired vehicle performance characteristics against
an urban drive cycle and zero-full acceleration operation. Other structural design targets
such as motor weight, inverter weight, rated current, maximum current, DC bus voltage,
inverter modulation, torque ripple and rated efficiency are fixed based on commercially
available traction motor drives at University of Windsor, CHARGE Labs and background
literature study.

2.2. Fixing Rated and Maximum Torque and Speed Ratings of the
Direct-drive Electric Machine
As a preliminary step towards designing direct-drive permanent magnet motors for
EVs, it is important to develop a design methodology to fix the initial torque and speed
ratings of the electric motor that is to be designed for a typical B-segment or supermini
electric vehicle, currently an ICE based vehicle. The objective is to fix the continuous and
peak torque, rated and maximum speed and rated voltage of the machine to be used in the
EV. In the existing ICE, knowing: 1) The maximum torque capability of the engine Tp, 2)
Variable gear ratio at the first gear and fixed gear ratio denoted as ig and io respectively,
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and, 3) Efficiency of the transmission system, η, the maximum torque on the wheels, Tw
can be calculated using (2.1) [1].

Tw  i g io T p

(2.1)

Tw can be considered as the peak torque required on the wheels, which has to be produced
solely by the motor in a direct-drive configuration. The continuous torque can be
considered half of the peak torque. Using (2.2) and (2.3) maximum speed on the wheels,
Nw, which will eventually be the maximum speed of the motor, can be obtained by
knowing the gear ratio of the highest gear in the variable gear box and fixed gear ratio,
the maximum speed of the engine Np, and the specific tire size in the vehicle and its
radius, rd. The wheel speed, v can be represented in km/h using (2.3) [1].

Nw 
v

Np
i g io

3.6N w rd
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(2.2)

(2.3)

Corresponding to the DC bus voltage and inverter modulation scheme, the maximum
voltage that can be obtained from the inverter can be fixed as the rated voltage of the
machine. The ratings of the motor determined above can be fine-tuned if the dynamic
performance characteristics such as tire-slip, acceleration, traction force, etc., of the
direct-drive EV can be predicted using a vehicle model and torque-speed envelope of the
motor [1].
Case study: Ratings of a direct-drive motor to be inserted in an EV, converted out of an
existing ICE based supermini vehicle is calculated here. Fig. 2.1 shows a Ford Fiesta
2014 ICE based vehicle whose technical specifications are considered to set the initial
ratings of the motor. It has an engine capable of delivering a rated power of 120 Hp with
a maximum torque capability of 152 Nm at 6350 rpm. Assuming an efficiency of 100%
on the transmission, the highest torque on the wheels can be determined as 2388 Nm for a
fixed gear ratio and variable gear (first gear) ratio of 4.07 and 3.86, respectively, using
the equations represented in the previous section. Similarly, maximum speed on the
wheels was calculated to be 2064 rpm using highest variable gear ratio of 0.75 and fixed
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gear ratio of 4.07. Using a tire size of 195/50 R16, the maximum wheel speed is
expected to be about 234km/hr [2].

Fig. 2.1. Ford Fiesta 2014 supermini vehicle under consideration for implementing, simulating and
analyzing the direct-drive motor topology.

2.3. Results from Dynamic Simulation of the Converted Ford Fiesta
2014 Direct-drive Electric Vehicle Incorporating Previously Fixed
Torque and Speed Targets
The ratings of the motor determined above can be fine-tuned or confirmed if the
dynamic performance characteristics such as tire-slip, acceleration, traction force, etc., of
the direct-drive EV can be predicted using a vehicle dynamics model and torque-speed
envelope of the motor [3]. A vehicle dynamics model of the Ford Fiesta 2014 direct-drive
EV was developed. Once the torque and speed ratings of the machine calculated
previously are fed to the developed EV simulation program, a constant torque and
constant power envelope for the machine can be obtained assuming that the motor
provides constant power in the flux-weakening region until the maximum speed. So
knowing the constant power of the machine and the increasing speed in the fluxweakening region, the torque at different speeds are calculated in the flux-weakening
region of the machine. The vehicle specification as listed in Table 2.1 was also
incorporated in the EV simulation.
The calculated motor torque and power ratings were used to determine the accelerating
performance of the EV from zero-maximum speed. A command speed of 200 km/hr was
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applied to the EV at 0th second when the EV was at standstill condition. Figs. 2.2 (a) - (d)
present various performance characteristics of the EV during this operation.
From Fig. 2.2 (a) it can be seen that a speed of 0-100 km/hr was reached within 10
seconds from stand still condition of the EV under a commanded speed of 200 km/hr.
Fig. 2.2 (b) illustrates the distance travelled by the EV corresponding to the speed in Fig.
2.2 (a).
TABLE 2.1
FORD FIESTA 2014 SPECIFICATIONS CONSIDERED IN THE ELECTRIC VEHICLE
DYNAMIC SIMULATION MODEL [2]
Vehicle + Passenger + Cargo mass 1570 kgs
Wheel base
2.5 meters
Frontal weight fraction
0.55
Centre of gravity
0.3
Coefficient of drag
0.33
Frontal area
2.536 sq m
Radius of wheel used
0.3007 meters
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Fig. 2.2. Results from EV simulation illustrating accelerating performance of the EV from zero-maximum
speed incorporating the desired direct-drive motor with 1750 Nm peak torque and 2000 rpm maximum
speed and other vehicle specifications as listed in table 2.1. (a) Acceleration performance from 0 - 100
km/hr. (b) Corresponding distance traveled. (c) Acceleration. (d) Tire slip.

Figs. 2.2 (c) and (d) present the acceleration and tire slip characteristics of the EV. A
tire slip of 1-2% and acceleration of 0-5% are normal. This also means that the peak
torque and power ratings of the motor are satisfactory to drive this EV.
Transient performance of the EV against an EPA federal test procedure drive cycle
was also analyzed through simulation studies [4]. Figs. 2.3 (a) - (d) show speed, tire slip,
distance and acceleration of the EV as a function of time over the entire drive cycle.
Taking conservative ratings, a continuous motor torque of 875 Nm, peak motor torque of
1,750 Nm and maximum speed of 2,000 rpm were found to be sufficient for a Ford Fiesta
2014 direct-drive EV to deliver the performances as in Figs. 2.3 (a) - (d).
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Fig. 2.3. Results from EV simulation illustrating transient performance of the EV over the urban drive cycle
incorporating the desired direct-drive motor with 1750 Nm peak torque and 2000 rpm maximum speed and
other vehicle specifications as listed in table 2.1. (a) Transient response of the EV against the EPA drivecycle. (b) Corresponding distance traveled. (c) Acceleration. (d) Tire slip [4].
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2.4. Fixing Other Structural Design and Performance Targets based on
Commercially Available Traction Motor Drives at CHARGE Labs,
University of Windsor and Background Literature Study
After fixing various torque and speed ratings of the direct-drive machine, various other
electrical and mechanical targets such as DC bus voltage, maximum allowable current,
weight of the motor and inverter, torque ripple were fixed based on existing EV
machines, drives and transmissions available in the laboratory, freedom car specifications
and literature study. In order to make the findings in this paper practically viable, this
paper takes details from existing technology implemented and uses as benchmark design
data. Moreover, as an engineering challenge, a supermini vehicle such a Ford Fiesta 2014
is used for the conversion to direct-drive EV as it is expected that it would be relatively
easier to realize the direct-drive scheme in bigger vehicles such as pick-up trucks and
minivans whose transmission efficiencies are lower and transmission weights are much
larger. Tables 2.2 and 2.3 show details of EV motors, drives and transmissions
commercially available and existing in the laboratory. Table 2.4 shows aggressive directdrive machine and drive design targets based on a case where the EV inverter listed in
table 2.3 and available in the laboratory will be used to drive the direct-drive motor to be
designed. The targets are hence set to design a direct-drive motor with an existing
inverter to propel the supermini EV without the transmission. Hence, one of the major
objectives of this design effort has been to minimize the overall weight of the motor and
keep the motor plus inverter weight below or equal to the overall weight of the motor,
inverter and transmission put together.

TABLE 2.2
DETAILS OF EXISTING ELECTRIC VEHICLE PM MOTOR, DRIVE AND
TRANSMISSION 1
Peak Power
Continuous Power
Maximum torque
Maximum Speed
Continuous Torque
Fixed gear ratio
Combined Motor + Inverter weight
Weight of transmission
31

55 kW
42.5 kW
120 Nm
12,000 rpm
95 Nm
8.75: 1
68 kgs
34 kgs

TABLE 2.3
DETAILS OF EXISTING ELECTRIC VEHICLE PM MOTOR, DRIVE AND
TRANSMISSION 2
Peak Power
Continuous Power
Maximum torque
Maximum Speed
Continuous Torque
Fixed gear ratio
Motor weight (with casing and shaft)
Inverter weight
Weight of transmission (Minimum)

110 kW
60 kW
255 Nm
10,500 rpm
100 Nm
8.28: 1
37.5 kgs
12 kgs
28 kgs

TABLE 2.4
DESIGN TARGETS FOR THE DIRECT-DRIVE MOTOR AND INVERTER TO PROPEL A SUPERMINI
EV AS IN FIG. 2.1
Peak Power
Peak Torque
Continuous Torque
Continuous Power
Maximum Speed (16 inch tire)
Motor weight
Inverter weight (existing EV inverter)
Rated current (A rms/phase)
Maximum current (A rms/phase)
Maximum DC bus voltage
Inverter modulation
Torque Ripple (% of peak torque)
Rated Efficiency

91.6 kW
1,750 Nm
875 Nm
45.8 kW
2,000 rpm
< 65 kgs
12 kgs
< 180 A
<= 400 A
450 VDC
Sine PWM
< 5%
> 94%

2.5 Conclusions
This chapter presents a procedure to fix the nameplate torque and speed ratings and
other design targets of a direct-drive motor by employing analytical equations, vehicle
dynamics simulation, details of commercially existing EV motors, drives & transmission
and data collected from literature study. It was found that a direct-drive motor with
torque and speed ratings presented in Table 2.4 can drive a Ford Fiesta 2014 direct-drive
EV over the urban drive cycle. The motor is found to yield satisfactory performance in
terms of the transient characteristics of the EV as well. Moreover, if a machine can be
designed against the aggressive targets in Table 2.4, then the concept of direct-drive EV
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proposed in this dissertation will be novel and worthy of investigation in the future to
obtain efficiency improvement in an EV drivetrain system and hence extend the driving
range of EVs.
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Chapter 3
Investigation of Challenges in Permanent
Magnet Synchronous Machines during
Integrated Charging Operation in EVs
3.1. Introduction
Understanding the merits and challenges of integrated charging (IC) technology for
EVs as presented in chapter 1 of this dissertation, this chapter discusses results obtained
through investigations performed on both interior permanent magnet synchronous
machine (IPMSM) and surface permanent magnet synchronous machine (SPMSM) that
were originally designed for high-torque low-speed EV traction application such as a
direct-drive application and used for IC operation. A neutral stand is taken in exclusively
investigating challenges in both the machines such as: 1) permanent magnet operation; 2)
electrical and magnetic losses; 3) temperature rise and 4) effect of winding inductance
during IC. Investigations are carried out through experimentation on prototypes of these
machines with appropriate control techniques wherever necessary and high accuracy
finite element based analysis (FEA) on the developed electromagnetic models of both the
machines.

3.2. Investigation of Magnet Operation During Traction and Integrated
Charging in 3-phase Interior and Surface Permanent Magnet Machines
The laboratory high-torque low-speed IPMSM and SPMSM considered for
investigation in this section were designed with the same stator, magnet type and
distributed winding configuration. The machines were designed employing a modelbased approach that will be presented in the next chapter. Although both the machines
were designed using the same stator it was very hard to match the output characteristics
such as rated torque and CPSR of both the machines without compromising on certain
parameters. Necessary design details and ratings of the IPMSM and SPMSM are
provided in Table 3.1. As seen from the table, the low speed requirement of the SPMSM
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banding was ignored in the SPM machine. However, a practically feasible value of the
air-gap in a SPMSM will be between 1.75 mm and 2.25 mm, including the banding
thickness [1]. This could be one of the concerns. The turns/phase had to be increased to
achieve a reasonable CPSR in a SPM machine, while still delivering a rated torque of
nearly 70 Nm. This could bring down the efficiency of the SPM machine due to increased
copper loss because of the increased stator phase resistance. The slot fill factor in the
SPM machine had to be increased to accommodate 2 more conductors/slot. Keeping in
mind the manual winding process, a slot fill factor of 63% could be achieved in the SPM
machine as a slot fill factor of 60% was achieved practically in the IPM machine and yet
1 out of 4 strands per conductor could be of a diameter one gauge higher than 21AWG.
The details of both the SPM and IPM machines illustrated by Fig. 3.1 are presented in
Table 3.1 and the corresponding torque-power-speed characteristics of both the machines
are presented in Fig 3.2.

(a)

(b)

Fig. 3.1. Schematic of the 3-phase IPMSM and SPMSM designed and employed for investigation under IC
operation in this chapter. (a) IPMSM. (b) SPMSM.

An SPM machine using the same stator and distributed windings of the IPM machine
with a 2 mm air-gap was also designed to yield the same torque as that of the IPM
machine under the same frame size. Fig. 3.3 presents the torque-power-speed curves of
this machine and Fig. 3.4 illustrates such a machine. It can be seen that although the rated
torque and copper loss similar to that of the IPMSM can be achieved, CPSR is very
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narrow in the SPM machine. Hence, machines referred in table 3.1 are used for
investigation under IC operation hereafter in this chapter.
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Fig. 3.2. Torque-speed and power-speed profiles of both high-torque low-speed SPM and IPM machines
refereed in table 3.1 elicited through respective electromagnetic models of the machines in conjunction
with MTPA control scheme over the entire speed range with a voltage limit of 275 V LL-rms and current limit
of 15.55 A peak/phase.
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Fig. 3.3. Torque, power, efficiency, current and voltage vs. speed of high-torque low-speed SPM designed
using the existing IPMSM stator in the laboratory and an air-gap of 2 mm including banding thickness
elicited through electromagnetic model of the machine in conjunction with MTPA control scheme over the
entire speed range with a voltage limit of 275 VLL-rms and current limit of 15.55 A peak/phase.
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Fig. 3.4. Schematic of the 3-phase SPMSM designed using the existing IPMSM stator in the laboratory and
2 mm air-gap including banding thickness.

TABLE 3.1
STRUCTURAL AND WINDING DETAILS OF THE 3–PHASE IPM AND SPM MACHINES UNDER
INVESTIGATION IN THIS SECTION
Parameter

IPMSM

Magnet Size/Pole
Rated Torque

SPMSM

25.4x3.81 mm 48.65x1.75mm
71.3 Nm
69.5 Nm
0.75 mm
Air-gap
0.5 mm
(No banding)
Turns/phase
224
240
Slot fill factor
60%
63%
Maximum Speed
1750 rpm
1750 rpm
Constant Power Speed Range
3
3
Rated Speed
575 rpm
Stator inner Diameter
135 mm
Stack Length
136 mm
Rotor inner Diameter
85 mm
PM Remnant Flux Density (Br)
1T
Coercivity (Hc)
-632 kA/m
Continuous Current/Phase
11 A rms
Rated Line Voltage
275 V rms
Coil span
5
Current Density
5.5 A/sq.mm
Magnet Type
NdFeB 35
Steel
M19 29G
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The designed IPMSM was also prototyped and tested with maximum torque per ampere
(MTPA) control technique to validate the electromagnetic model of the machine. Figs.
3.5 (a) and (b) show the torque under constant torque operation and open-circuit back
EMF characteristics of the IPMSM obtained from experiments and electromagnetic
analysis. An average torque of nearly 77 Nm was obtained from measurements and 78.5
Nm was obtained from electromagnetic analysis when a 11 A rms/phase rated current
was injected into the motor at a current angle (γ) of 30 deg. A torque ripple
corresponding to 12th harmonics can be seen in both the torque waveforms. The
calculated and measured waveforms shown in Fig. 3.5 are in close agreement and this
validates the developed electromagnetic models of the machines, which will be used for
further investigations in this chapter in conjunction with finite element analysis.

(a)

(b)

Dynamometer

IPMSM

(c)
Fig. 3.5. Measured and calculated torque and open-circuit back emf/phase characteristics of the IPMSM.
(a) Torque waveforms when a rated current of 11 A rms/phase was injected into the motor at a γ angle of
30 deg and 100 rpm. (b) Open-circuit back EMF/phase waveforms at 900 rpm. (c) The prototyped IPMSM
coupled to the programmable dynamometer during load test.
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Fig. 3.6. Electromagnetic torque and magnet operation in both SPMSM and IPMSM at 11 A rms/phase, 60
Hz sinusoidal 3-phase current during IC operation. (a) Electromagnetic torque in IPMSM and SPMSM
during IC. (b) Minimum magnet operating point on the B-H characteristics of PM in both machines.

The magnet operating characteristics under a traction scenario at the maximum speed
flux-weakening condition was analyzed through electromagnetic models of both the
SPMSM and IPMSM and MTPA controls. The procedure proposed in [2] to obtain the
magnet operating point was employed in this chapter. Both the machines were designed
to operate safely above a minimum Bm value of 0.5 T and a Hm value of –400 kA/m, even
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when almost all the current injected into the machine is completely used for
demagnetizing the magnet in the form of d-axis current, and yield a constant power at
high speed.
In a practical IC scenario, the PM machine is connected between the grid and the
PWM controlled rectifier. Currents flowing through the phase windings of the PM
machine will be controlled to be sinusoidal and symmetric. Replicating this situation
during IC, three-phase sinusoidal currents of 11A rms/phase at 60 Hz were injected into
both the machines. The oscillating torque in the machine during IC for both the machines
is shown in Fig. 3.6 (a). It can be seen that the average torque in the machines are zero
during IC and this keeps the machine in a standstill condition. However, there is very
large oscillating torque that might cause vibration in the machines. The minimum magnet
operating point on the B-H characteristics of PM in both machines corresponding to this
IC condition was also determined and is presented in Fig. 3.6 (b). B and H were
monitored at the edge of one pole of the distributed winding machine.
It was found that the magnet experiences different levels of opposing magnet field due
to the standstill rotor and rotating air-gap flux as a function of three-phase AC currents.
Figs. 3.7 (a) - (c) shows the flux density distribution at standstill condition of the rotor in
both the machines. Moreover, due to the rotor position and non-existence of the current
angle concept, it was found that the purely sinusoidal currents in the phase windings of
both the machines were contributing to oscillating torque, losses and demagnetization of
the magnet.
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Fig. 3.7. Cross-section of both IPMSM and SPMSM designed, showing the flux density distribution under
IC operation when 11 A rms/phase current at 60 Hz was injected. (a) SPMSM. (b) IPMSM. (c) Air-gap flux
density waveform during IC operation.

The SPMSM’s Bm during traction was above 0.5 T at a condition when the sinusoidal
AC current at a fundamental frequency of 113 Hz in the winding was 15.55 A
peak/phase, at a speed of 1700 rpm and current angle of 85 degrees which corresponds to
a d-axis flux-weakening DC current of –15.49 A. However, as seen from Fig. 3.6 (b) the
magnet in SPMSM demagnetized more when a pure sinusoidal 15.55 peak/phase AC
current at a fundamental frequency of 60 Hz was injected into the machine. This
phenomenon is due to the placement of the magnet on the circumference of the SPMSM
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rotor that is exposed directly to the alternating magnetic field having frequency
components of 60 Hz and more [3]. The IPMSM rotor has steel surrounding the magnets
and hence they are protected from direct exposure to these high frequency components.
This phenomenon can be further justified by the higher magnet loss in the SPMSM
during IC as presented in the next section. In addition, the SPMSM was designed with 30
conductors/slot when compared to 28 conductors/slot in IPMSM. An open-circuit airgap
flux density value of 0.65 T in SPMSM and 0.75 T in IPMSM was obtained.
According to equation (1), with 28 conductors/slot and same magnet thickness the
minimum Bm value in the SPMSM during IC increased to 0.23 T from 0.21 T. Due to the
decrease in turns/phase, the Hm value changed from –512 kA/m to –495 kA/m, raising the
effective minimum (Bm, Hm) point in the magnet operating characteristics. A magnet
thickness of 3.81 mm yields a minimum (Bm, Hm) point of 0.46 T and –360 kA/m. The
rotor position of the SPMSM was also varied over one pole pitch to understand the
variation in Bm and Hm values. The minimum Bm varied between 0.21 T and 0.27 T and
Hm varied between –507 kA/m and –485 kA/m correspondingly. Hence, to decrease the
conductors or increase the magnet thickness in SPMSM and reduce demagnetization
during IC, the flux-weakening performance of the machine during traction has to be
improved by increasing the current rating of the machine.

Bm 

1
1   rm

lg Am
lm Ag k

Tph I 

 Br  0 rm

lm 


(3.1)

Where µrm is the relative permeability of the magnet, µ0 is the permeability of air, lg and
lm are air-gap and magnet thicknesses, Tph is stator turns/phase, I is the current in the coil,
µrm is the relative permeability of the magnet, Ag and Am are air-gap and magnet areas, Br
is the magnet remnant flux density, k is the leakage factor, and Bm is the magnet flux
density [4].
Findings above show that magnet operating characteristics of the SPMSM during IC
need more investigation in order to optimally design the machine for traction and IC to
avoid demagnetization.
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3.3. Investigation of Core, Winding,and Magnet Losses in 3-phase IPM
and SPM Machines during Traction and Integrated Charging
During the standstill condition of the machine under IC, since the electrical angular
velocity does not match the mechanical angular velocity of the rotor, there exists a
difference in frequency components between the stator current and rotor in addition to
space harmonics in the machine. The switching harmonics might exist in the stator
current in a practical case; however, it is assumed here that currents will be controlled to
be near sinusoidal symmetric waveforms. The above condition in the machine will lead to
core losses and magnet loss in the machine in addition to the copper winding loss due to
the rms value of the AC current in the stator windings.
Core loss components in the steel, such as eddy current loss and hysteresis loss in the
time domain, were computed using (3.2) and (3.3) respectively, for both IPMSM and
SPMSM using their electromagnetic models and finite element analysis under traction
and IC operation [5]. Various core loss coefficients such as Kc and Kh were calculated
employing the loss curves for M19 29G steel provided by the manufacturer. Kh was
found to be 164.2 and Kc was found to be 0.409. Bulk conductivity of 1,960,000
Siemens/m and mass density of 7,650 kg/m3 were used in the computation [5].
TABLE 3.2
COMPUTED ELECTRICAL LOSS DATA OF BOTH SPMSM AND IPMSM UNDER SINUSOIDAL
EXCITATION OF 11 A/PHASE
Integrated Charging

Electrical and Magnetic Losses

IPM
24.0
5.84
4.40
1.38
11.00
363.0

Total Hysteresis Loss (Steel) [W]
Rotor Hysteresis Loss (Steel) [W]
Total Eddy Current Loss (Steel) [W]
Rotor Eddy Current Loss (Steel) [W]
Average Magnet Loss [W]
Stator Copper Loss [W]

Pc (t ) 

Ph (t ) 

 dB 
Kc 

2
2
 dt 
1

SPM
12.0
2.0
1.54
0.27
110.0
421.0
2

 dB 
K h Bm cos  


 dt 
1
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Traction at Max.
Speed (1,700 rpm)
IPM
SPM
16.9
10.55
1.42
0.03
20.3
10.15
2.49
0.07
0.15
9.10
363.0
421.0

(3.2)

(3.3)

During IC, in addition to the temperature rise due to core and copper loss in the
machine, temperature due to magnet loss can lead to demagnetization. Hence, it is
imperative to investigate magnet loss in such an application. Magnet losses in both
machines were computed using electromagnetic models and finite element analysis under
traction and IC operation by assigning zero current and a conductivity (σ) of 62,500 S/m
to the NdFeB35 magnet used. Eddy current losses calculated in the magnet can be related
to harmonic eddy-current densities (Jn) as in (3.4) [3].
2


Jn
Pm    
dv 
magnet 2 

(3.4)

Table 3.2 provides the calculated average values of all the electrical and magnet losses
for both the machines during IC operation and maximum speed condition during traction.
It can be seen that the hysteresis loss dominates the eddy current loss during IC due to the
relatively lower frequency operation near 60 Hz and the hysteresis coefficient (Kh) of the
steel used. The rotor hysteresis loss in IPMSM during IC is almost 25% of the overall
hysteresis loss. Due to presence of the magnets in the circumference of the rotor in
SPMSM, losses in the steel are relatively less and magnet loss in the SPMSM is almost
ten times that of the IPMSM during IC and traction. When compared to an IPMSM where
the magnets are buried, the alternating flux at different harmonic frequencies find
minimum reluctance paths through the electrical steel and causes eddy currents rather
than yielding higher magnet losses. Core loss in the steel is twice as high in the IPMSM
as that of a SPMSM. The copper loss in the SPMSM is found to be more than that of the
IPMSM due to the increased number of conductors/slot and hence increased per-phase
resistance in SPMSM. The loss values shown here are for laboratory designed and
prototyped low-speed high-torque machines rated at 11 A and 275 V. However, the
machine’s losses can considerably increase if 3-phase integrated charging is performed in
a typical EV using a larger sized low-speed high-torque machine or a high-speed machine
of the same size with high current charging or with fractional slot concentrated windings
[3]. Copper loss is inevitable and depends on the stator resistance and charging current.
Cooling mechanism can be used in the stator but are tedious in the rotor, hence, losses in
the magnet and rotor steel have to be minimized to avoid PM demagnetization due to
further temperature rise.
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3.4. Measurement of Magnet, Core and Winding Temperatures in
3-phase IPMSM during Traction and Integrated Charging
Winding, core and magnet temperatures were experimentally measured in the
prototyped IPMSM at 100 rpm and IC under sinusoidal current excitation of 11 A
rms/phase. Fig. 3.8 (a) shows the experimental setup employed and Fig. 3.8 (b) shows the
temperature rise in the winding over a period of 150 minutes measured using RTDs. Figs.

(a)

(b)

(c)
(d)
(e)
Fig. 3.8. Winding and magnet temperatures at 100 rpm traction and IC. (a) Experimental setup used in this
chapter. (b) Winding temperatures. (c) Magnet temperature during traction at 70 0C winding temperature.
(d) Magnet temperature during IC at 70 0C winding temperature. (e) Magnet temperature during IC at 800C
winding temperature.

3.8 (c) - (e) show the magnet temperatures when the winding temperature of the
machine had reached a steady value. The machine was not force cooled in either
condition. The machine could deliver the rated torque at 100 rpm at a steady winding
temperature near 700C and the magnet temperature was nearly 500C. During IC, the
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winding temperature stabilized at 800C and the magnet temperature was nearly 630C.
However, the magnet temperature was 530C at a winding temperature of 700C. The
machine was opearted at 100 rpm only to ignore the cooling due to the spinning rotor.
Owing to the losses and no cooling during IC, the magnet and winding temperatures
increased when compared to that of traction at 100 rpm. Hence, apart from copper loss,
higher magnet and core losses play an extra role in increasing the temperature and
assisting demagnetization due to temperature during IC operation.

3.5. Effect of Winding Inductance on Terminal Voltages and Currents
in 3-phase IPM and SPM Machines during Integrated Charging
A laboratory SPMSM machine and the prototyped IPMSM were used in the
experimental investigations in this section. Figs. 3.9 (a) - (c) show the SPMSM and
IPMSM with distributed windings. In order to understand the behavior of currents and
voltages across the machine’s inductors during IC, a sinusoidal three-phase input voltage
at 60 Hz from the utility grid was applied across the phases in both the machines
separately. Figs. 3.10 (a) - (d) show measured voltage and current waveforms for both the
SPMSM and the IPMSM. It was found that the three-phase current waveforms in the
SPMSM remained symmetrical at every rotor position; however, unsymmetrical at every
rotor position in the IPMSM. The symmetry and asymmetry in both machines can be
attributed to their winding inductances that are functions of their respective saliency
features. The asymmetry in the IPMSM can be taken care through zero component
control of dq axis theory but there will be a second harmonic current flowing through the
DC link capacitor that will reduce the lifetime of the capacitor [4].

(a)
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(b)
(c)
Fig. 3.9. Cross-section of the stator and rotor of both the machines. (a) Stator and rotor of SPMSM (b)
Stator of IPMSM. (c) Rotor of IPMSM.

(a)

(b)
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(c)

(d)
Fig. 3.10. Measured voltage and current across the phase terminals for both the machines shown in Fig.
3.9. (a) and (b) SPMSM. (c) and (d) IPMSM.

3.6. Conclusions
This chapter presented and discussed results elicited from investigations on both a
SPMSM and a IPMSM designed for high-torque and low speed traction application such
as direct-drive application in terms of PM operation, losses, temperature rise and effect of
winding inductance under IC operation. Harmonic frequency components as seen by the
standstill rotor during IC can increase the magnet and core losses in the machines and
thereafter increase the temperature, leading to further demagnetization. Hence, it was
found that there is a need to optimally design these machines for both the applications
considering the above aspects. Specifically:
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•

The designed 3-phase IPMSM was found to be better for integrated charging in
terms of losses and demagnetization but saliency effect is an issue causing
assymetrical voltages and currents across all three phases.

•

The designed 3-phase SPMSM has higher magnet loss and demagnetization
which can be addressed through magnet segmentation. However, an SPMSM with
2 mm air-gap including banding thickness, using the same stator as the IPMSM
and yet providing desired traction output power similar to that of the IPMSM has
to be investigated. Voltages and currents in the SPMSM were found to be more
symmetric across all three phases.

•

Machines rich in space harmonics such as the fractional-slot concentrated winding
machines may not be suitable for integrated charging. However, further
investigations need to be conducted.

•

Temperature rise due to losses need to be taken care with proper cooling
mechanisms.
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Chapter 4
A Novel Approach towards Parametric and
Structural Design of 3-Phase Interior PMSM
for Direct-drive Electric Vehicles
4.1. Introduction
An electric machine development project involves the steps illustrated in Fig. 4.1. This
chapter presents novel contributions towards these steps in terms of proposing a model
based design approach, electromagnetic analysis, prototyping and experimental testing
for parameters and performance of the electric machine.

Mathematical Modeling – Preliminary Model
Target definition, Material selection, Structural modeling, Computation
of parameters, Simulation with parameters, etc.

Electromagnetic Model and Analysis – Accurate Model
Analyzing the flux distribution, Losses, Torque capability, Waveform
quality, Saturation of parts, Magnet operation, etc.
magnetic Model and Analysis – Accurate Model
Analyzing the flux distribution, Losses, Torque capability, Waveform
quality, Saturation of parts, Magnet operation, etc.
Thermal and Mechanical analysis – Complete Model
Temperature rise, Hot spot, Stress, etc.
nd Mechanical analysis – Complete Model
Temperature rise, Hot spot, Stress, etc.

Prototyping and
Experimental
Investigations
rototyping and
Experimental
Investigations

Drives Integration and Optimization – Final Model
Performance Analysis with Harmonics, Flux-weakening
operation, Saturation, Structural optimization, etc.
Fig. 4.1. Steps involved in electric machine development.

Understanding the challenges and merits of direct-drive application in electric vehicles,
this chapter put an effort to model, design and test a low-speed high-torque interior
permanent magnet synchronous machine. The motivation arises from the fact that
IPMSMs are widely used in commercially available conventional electric vehicles and
provides an extra component of reluctance torque percentage when compared to surface
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permanent magnet synchronous machine. The major objective while designing an interior
permanent magnet synchronous machine (IPMSM) for conventional electric vehicles
(EV) is to obtain a large flux-weakening region with desired torque production, which is
traditionally obtained by maintaining the characteristic current near the rated current [1].
On the other hand, compared to a conventional EV motor, a direct-drive motor does not
require an extended flux-weakening region or higher rated speed as the motor speed is
equal to the wheel speed of the EV. This may lead to an improved performance of the
designed IPMSM and its drive for direct-drive application.
Moreover, conventional rotating electric machine design methodology involves a topbottom approach, where the machine’s structural aspects are designed for a particular
rated efficiency, torque and speed, assuming a suitable output coefficient [2]. However,
this traditional “D2L formulation” does not hold true for machines with reluctance torque
components like an IPMSM, especially when used for traction application. Also, the
inductances and permanent magnet flux linkage parameters affect the flux-weakening
operation, although it satisfies the desired rated operation of the machine [3]. Moreover,
according to the author’s knowledge, there is no literature that provides a comprehensive
step-by-step analytical design methodology for three-phase IPMSMs involving structural
and parametric design of IPMSM for the proposed direct-drive application. The
conventional design methodology has been explored to design an IPMSM and the case
study is presented first.
Thereafter, a novel 3-phase IPMSM modelling and design approach that overcomes
the aforementioned shortcomings of the traditional machine design approach is presented
in this chapter. This mathematical modelling approach provides the flexibility to design
the IPMSM for: a) a desired constant torque region; b) desired reluctance torque
percentage; c) a desired constant power region, which is required for a direct-drive motor
unlike in IPMSMs designed for conventional electric vehicles that require maximum or
extended flux-weakening regions; and d) optimal current angle. The proposed IPMSM
modelling and machine design approach based on closed form analytical equations can be
employed to obtain a preliminary design of the machine before employing the
electromagnetic design and analysis-based approach for updating or optimizing the
machine design for improved performance characteristics.
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4.2. Case Study illustrating Traditional Electrical, Structural and
Magnetic Model based Design Approach for Synchronous Machines
This section details the conventional machine design procedure that was first employed
to design a direct-drive IPMSM. The overall configuration of the IPMSM under
consideration is as presented in Fig. 4.2. Fig. 4.3 presents the typical torque-power-speed
characteristics that an electric motor in EV has to satisfy.

Fig. 4.2. Schematic of an IPMSM considered in this chapter.

Fig. 4.3. Typical torque-power-speed characteristics that an electric motor in EV has to satisfy.
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The objective of this machine design approach was to use an existing induction motor
stator that contained 48 slots and design an IPMSM rotor in order to obtain a torque
output over 70 Nm at rated speed of 575 rpm. Figures of the existing induction motor
and its stator are presented in Figs. 4.4 (a) and (b). The induction motor was rated at 7.5
hp with a rated torque of 30 Nm and a 1,755 rpm rated speed. A rated speed value of 575
rpm comes from design targets set for a direct-drive motor in chapter 2. A rated torque
output of 70 Nm was set in considering the dynamometer testing capability in the
laboratory.

(a)

(b)

Fig. 4.4. Existing laboratory induction motor and its stator used for IPMSM design and development in this
chapter. (a) Overall motor. (b) Stator with double layer winding.

TABLE 4.1
STRUCTURAL DETAILS OF THE STATOR EMPLOYED FOR DESIGNING AN IPMSM
Slots

48

Stator Inner Diameter 135 mm

Poles

8

Stator Outer Diameter 220 mm

Steel Material

M19 29G Length of Stack

136 mm

Rated Frequency

38.33 Hz Slots/pole/phase

2

Winding Factor

0.933

Coil span

5

Hence, the rated output power of the IPMSM would be 4.2 kW. Usually, when the
stator inner diameter (D) and length (L) dimensions are unknown, values for the specific
magnet loading (Bav) and specific electric loading (ac) are to be assumed. Typical value
of Bav and ac for IPMSM in electric vehicles are found to be 0.7 T and 2.5 x 104 A/m,
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respectively [4]. Bav and ac can be represented as in (4.1) and (4.2).

Bav 

ac 

p
DL

I ph Z
D

(4.1)

(4.2)

Where p is number of poles, Iz is the per-phase current, Z is the total number of copper
conductors in the stator and φ is the flux per pole [2].
The slot/pole/phase ratio is to be pre-determined by fixing the number of stator slots as
desired. Various winding layout details such as the coil span, number of layers are
necessary in order to calculate the angular slot pitch which is eventually used to estimate
the fundamental winding factor, kw [5], [6]. Knowing the desired output power, rated
speed in rotations/second, kw, Bav, ac, assuming a desired rated efficiency of 95% and
power factor of 0.9, D2L can be calculated for a machine using (4.3) and (4.4).

Q  C0 D 2 Lns
C0 

11k w Bav ac
1000

(4.3)
(4.4)

After obtaining the D2Lst product, D and Lst can be separately calculated using (4.5):

K

Lst


(4.5)

where K can range between 1.1 and 1.5 [4]. However, in this case, since an existing
stator is being used, various stator details listed in Table 4.1 can be employed to find the
flux per pole using equation (4.6).



Bav DL
p

VLL rms  0.612M aVdc

(4.6)
(4.7)

Where Ma is the modulation index which can be considered to be unity.
T ph 

E ph
4.44 fk w
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(4.8)

I ph 

1,000Q
3E ph

(4.9)

The per-phase induced voltage of the machine can be found using the rated line-line
voltage of the machine depending on DC bus availability in the EV. Corresponding to a
DC bus voltage of 450 VDC and sine PWM modulation, a rated voltage of 275 V LL-rms
was fixed based on equation (4.7). Turns/phase (Tph) and per-phase rated current (Iph) of
the machine can be determined employing known and calculated quantities. Considering
a Toyota Prius motor configuration, a slot/pole combination of 48/8 was considered. A
double layer distributed winding machine was also considered as it gives greater
flexibility in design because of the ease with which the coil span can be chosen [2]. The
coil was short pitched by 30 degrees to eliminate 5th and 7th harmonics resulting in a coils
span of 5. Assuming a current density (δs) value between 5.5 A/mm2 and 7.5 A/mm2,
using the calculated current and turns/phase values, the area (as) and diameter of the
circular copper conductor (ds) to be used can be determined using (4.10) and (4.11).

s 

ds 

I ph

(4.10)

as
4a s

(4.11)



TABLE 4.2
WINDING DETAILS OF THE STATOR EMPLOYED FOR DESIGNING AN IPMSM
AWG
Rated
current/phase
Turns/phase
Sensors
Winding Factor
Core material

Phase
resistance/phase
Stator Outer

15
11 A rms

Diameter
Conductors/slot

224

Resistance Temperature Detector
Winding type
(Phase Winding)
0.933

Coil span

M19 29G

Slot fill factor
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1 ohm
220 mm
14
Double layer
Distributed
winding
5
60%

Stator with burnt windings

Sand blasting to clean stator

Burnt winding stripped off

Coil winding

Coil insertion for one span

Final stator with designed windings

Double layer coils with insulation

Figs. 4.5. Various steps taken in obtaining the existing stator with desired 3-phase winding configuration.
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The overall diameter of the conductors can be thereafter modified in accordance with
standard AWG charts of wires with consideration of insulation. Using the above
procedure for the IPMSM under consideration, the number of conductors/slot was found
to be 24 of AWG 15, which carry a current of 11A

phase-rms

with a current density of 5.5

A/mm2. In an effort to practically understand the feasible slot fill factor, the existing
stator was rewound with the determined winding configuration. Various winding details
of the re-wound stator are provided in Table 4.2. Figs. 4.5 (a)-(d) show various steps
taken in obtaining the existing stator with desired 3-phase winding configuration. A slot
fill factor of 60% could be achieved with tight end-windings. Three strands of 21 AWG
and 1 strand of 20.5 AWG was used instead of one 15AWG conductor.
Since the stator was ready, the objective was to design the IPMSM rotor to obtain the
desired torque and speed targets. Keeping the stator slot dimensions, stator inner
diameter, stator outer diameter fixed, the limitation for torque production out of the
machine came from the maximum flux density points at various parts of the machine.
The machine was designed keeping a maximum stator teeth flux density limit of 1.5 T to
1.7 T [2]. It was assumed that the existing stator uses a M19 29G steel and the IPMSM
rotor was also designed using M19 29G steel and NdFeB 35 magnets. Moreover, only bar
magnets were taken into consideration in the rotor due to low constant power speed range
requirement of the machine. In order to eventually calculate the magnet dimensions in
rotor, the amount of ATmag (magneto-motive force-MMF) required for the flux line to
start from the north pole of a magnet and come back to the south pole of adjacent magnet
was calculated. Hence, this total MMF would be a summation of AT at different parts of
the stator and rotor as seen in Fig. 4.6 and equation (4.12) [2].

Figs. 4.6. Developed view of two poles of an IPMSM showing the flux path [6].
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ATmag  2 ATairgap  2 ATteeth   ATcore  AT yoke

(4.12)

The iron surfaces around the air-gap are not smooth and so the calculation of mmf
required by the air gap by ordinary methods yields inaccurate results. Due to the slotted
armature, the reluctance offered by the air-gap is higher compared to a smooth armature
configuration directly influencing the flux density. The ratio of these two reluctances
gives the gap contraction factor, kg . The form factor, kf is the ratio of average flux density
over the pole pitch to the maximum flux density in the air-gap, Bg. The mmf required for
air-gap having a length lg, can be calculated as [2]:
ATairgap  800000k g l g Bg

(4.13)

The area presented to the path of flux is not uniform in case of wedge-shaped or
tapered tooth deign. Hence, complexity arises in the calculation of mmf necessary to
maintain the flux in the teeth. Furthermore, since the tooth is generally operated in the
saturation region, an alternate flux path is provided by the slot, where reluctance of one
part depends on the degree of saturation in the other, making the problem more intricate.
The mmf of teeth is obtained by finding flux density at 1/3rd height from the narrow end,
Bt/3.
Bt / 3 

p
S s Li wt / 3

(4.14)

where  is the pole arc to pole pitch ratio, usually taken as the reciprocal of kf and Li is
the net iron length of the stator core which takes into account the stacking factor of 0.95.
From the characteristic curve of the tooth material used, the mmf per unit length
corresponding to the calculated value of Bt/3 is taken. Hence, ATteeth is calculated as the
product of mmf per unit length and the corresponding length of the flux path.
Corresponding to the flux density in the core, Bcore , the mmf per unit length for the core,
atcore is known from the characteristic curve of the steel used in the core.
Bcore 


2 Li d core
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(4.15)

The length of the flux path in the stator core can be calculated based on the physical
dimensions of the stator core and slot depth.

ATcore  at corelcore

(4.16)

The rotor is usually built with the same material as the stator for ease of construction.
However, any material of choice can be taken according to the requirements. M19 29G
steel is used here due to availability. Its BH curve is presented in Fig.4.7. In accordance
with the procedure followed in the stator core, the mmf per unit length of the rotor yoke,
atyoke is obtained.

B yoke 



(4.17)

2 Li d yoke

Flux Desnity B (T)

2.5
2

1.5
1
0.5

0
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100000

Fig. 4.7. BH curve of the M19 29G steel used in the calculations.

The main function of the magnetic material used in rotor, is to provide the necessary
flux in the air-gap and mmf required by various parts of the machine. To determine the
PM dimensions to provide the necessary air gap flux density, a leakage coefficient of 0.9
is assumed, thus,  mag =0.9  g [6]. Knowing the remanent flux density (Br)and coercivity
(Hc) of the magnet going to be used, ATmag calculated above, the dimensions of the
magnet can be determined using (4.18) - (4.21) [6]. Schematic of the magnet shape under
consideration is presented in Fig. 4.8. The NdFeB 35 magnet used has a Br of 1.23 T and
Hc of -890 kA/m at 25 deg C. Details of the designed rotor are provided in Table 4.3.
Hm 

ATmag
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hmag

(4.18)

r 

Br
0 H c

(4.19)

Bm  Br   0 r H m

Bm 

m

(4.20)
(4.21)

Lmag bmag

TABLE 4.3
DETAILS OF THE ROTOR DESIGNED FOR THE IPMSM
Rotor Outer Diameter

134 mm

Air-gap

0.5 mm

Rotor Inner Diameter

65 mm

Magnet size

35 mm x 5 mm

Magnet type

NdFeB 35

Core Material

M19 29G

Height (hmag)

Length (Lmag)
Breadth (bmag)

Fig. 4.8. Rectangular magnet shape and dimension considered.

An electromagnetic model of the machine designed above was analyzed using finite
element analysis in conjunction with the maximum torque per ampere control algorithm
over the entire speed range. Fig. 4.9 shows the schematic of the machine and Figs. 4.10
(a) - (c) present torque-power-speed, PM flux linkage and torque vs. current angle curves.
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It can be seen that the machine delivers nearly 78 Nm torque, of which the magnet torque
was 72 Nm and the reluctance torque was 6 Nm. This reluctance torque component was
unaccounted for in the design equations presented above. A CPSR of 1.5 was obtained
while the desired CPSR was 3. The analysis presented here for a down-scaled machine if
scaled to a typical direct-drive machine with a torque rating of nearly 900 Nm, could lead
to inaccurate machine design details.

Fig. 4.9. Schematic of the designed IPMSM employing details obtained from the conventional design
approach discussed in this section.

Hence, to summarize the findings through this case study:
1. Conventional rotating electric machine design model involves top-bottom
approach – Structural modeling and then calculation of equivalent circuit
parameters and analysis of output performance
2. The “D2L formulation” holds good for machines with torque resulting from
interaction of magnetic fields, one from the stator side and the other from rotor
side.
3. The above approach does not account for reluctance torque. As an IPMSM yields
torque due to both mechanisms, designing an IPMSM on the basis of “D2L
formulation” only will be erroneous.
4. The conventional approach is applicable to model machines with cylindrical rotor
(induction motor and wound-field synchronous machines) under rated speed
operation.
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5. Inductances and PM flux linkage parameters affect the flux-weakening operation
although it satisfies the desired rated operation of the machine [1].

PM Flux Linkage [Wb. T]

(a)
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0
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(b)
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Fig. 4.10. Torque-power-speed, PM flux linkage and torque vs. current angle curves elicited using the
electromagnetic model of the designed IPMSM in conjunction with MTPA control scheme. (a) Torque and
output power vs. speed. (b) Open-circuit PM flux linkage waveforms. (c) Torque vs. current angle curves
as a function of different stator currents with a maximum of 11 A rms /phase.
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4.3. Developed Maximum Torque Per Ampere Theory Based Novel
Bottom-up Machine Design Approach for a 3-Phase Interior Permanent
Magnet Synchronous Machine
This proposed model based design approach assumes a sinusoidal MMF distribution,
square wave flux density in the air-gap and distributed winding in the stator [3], [7] of the
IPMSM. An IPMSM with distributed windings is sufficient to satisfy the limited constant
power region [1] in a direct-drive vehicle. Moreover, although this chapter focuses on an
IPMSM design methodology for direct-drive vehicles, the approach can be employed to
design any IPMSM with distributed winding in the stator for optimal performances in
both desired constant power and torque regions of the machine. This extends the scope of
the work performed in this chapter. The flowchart depicting the proposed approach is
presented in Fig. 4.11.
Obtain the desired ratings of the machine such as
Torque, Speed, DC bus voltage, etc.

Determine the Equivalent Circuit Parameters such as
Ld, Lq, λ and Current & Load angle, PF, etc.

Structural modelling of Stator, Rotor and Magnet
dimensions, Turns/phase, etc.

Calculate Core and Copper losses, Flux linkage,
Flux-weakening performance, Induced voltage, etc.
Fig. 4.11. A flowchart depicting the proposed bottom-up approach presented in this section.

In contrast with the top-bottom approach, the proposed methodology is a backward
approach based on the MTPA theory, and has the following steps:
Step 1: Obtain the desired torque under constant speed region, the rated speed of the
machine, the DC bus voltage and the maximum speed requirement of the direct-drive
motor.
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Step 2: Calculate the per-unit value of the d-axis inductance (Ld) based on the
maximum speed and assumed PM flux linkage value.
Step 3: Determine the per-unit value of the q-axis inductance (Lq) based on the
difference of the d-axis inductance and q-axis inductance as a function of the current
angle. Through Steps 1 to 3, the d- and q-axis inductances and PM flux linkage can be
fixed to obtain the desired output characteristics as well as a desired percentage of
reluctance torque, saliency ratio and hence an operating current angle (γ) and power
factor angle or vice versa.
Step 4: Using the values of output power, power factor and rated voltage, assuming a
particular efficiency, the rated current of the machine can be determined.
Step 5: Actual quantities of the parameters designed above along with other empirical
data can be employed to calculate the turns per phase and the dimensions of the overall
machine incorporating d- and q-axis magnetic saturation.
Step 6: Employing the properties of the magnet to be used and the structural
dimensions obtained in Step 5, the magnet dimensions can be obtained, incorporating the
d- and q-axis saturation.

4.3.1. Per-unitization of Electrical Parameters and Variables
References [8] and [9] explain the MTPA theory for synchronous machines in an effort
to understand the machines output performance under different values of circuit
parameters and develop a control scheme. However, this chapter exclusively proposes a
novel machine design approach based on the MTPA theory. Deriving knowledge from
[8]–[10], a per-unitization based approach employing MTPA theory equations, with help
from the dq-axis model based on the convention presented in [10], is developed here.
Considering the rated values for different parameters involved in the machine’s desired
output characteristics and equivalent circuit, the base values are fixed. Representing the
rated phase voltage as Vrms/phase and the rated phase current as Irms/phase, and taking their
peak values, base values of voltage and current are written as Va_base and Ia_base. Similarly,
the base value of electrical speed, base is taken to be equal to its rated value, r.
Thereafter, base values of PM flux linkage (λm), impedance (Z), inductance (L) and input
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power (Pi) can be written as in (4.22) – (4.25).

Fig. 4.12. Graphical representation of the voltage limit ellipse and current limit circle which explains the
MTPA theory for IPM machines.

 m _ base 

Z base 

base

Va _ base
I a _ base

Lbase 

Pi _ base 

Va _ base

Z base
base

3
Va _ base I a _ base
2

(4.22)

(4.23)

(4.24)

(4.25)

At rated speed (r), when the machine is delivering the rated torque, voltage and
current have reached their maximum limits. Hence, using the base values, Va_pu = 1.0,
Ia_pu = 1.0 and pu = 1.0. Ia_pu in terms of Id_pu and Iq _pu can be written as in (4.26) and
(4.27). Where Lls is the leakage inductance. Using (4.25), the base value of
electromagnetic torque (Te) can be written as in (4.28), where P denotes number of poles.
Hence, per unit values of Te and output power (P0) can be written as in (4.29), (4.30), and
(4.31):
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I d _ pu   I a _ pu sin 

(4.26)

I q _ pu  I a _ pu cos 

(4.27)

Te _ base 

Pi _ base P

(4.28)

2r _ base

Te _ pu   m _ pu I q _ pu   Ld _ pu  Lq _ pu  I q _ pu I d _ pu 
P0 _ pu  r _ pu Te _ pu

(4.30)

 m _ pu I q _ pu 

P0 _ pu  r _ pu 

 Ld _ pu  Lq _ pu I q _ pu I d _ pu 



(4.29)



(4.31)

Knowing the base values of various parameters mentioned above, Va_pu in terms of
Vq_pu and Vd_pu can be written as in (4.32) where Vq_pu and Vd_pu can be written as in (4.33)
and (4.34). The current angle in terms of pu quantities can be obtained by maximizing
Te_pu with respect to current angle as in (4.35):
2
2
Va2_ pu  r2 _ pu  Lq _ pu I q _ pu     m _ pu  I d _ pu Ld _ pu  



Vd _ pu  r _ pu  Lq _ pu I q _ pu 

(4.32)

(4.33)

Vq _ pu  r _ pu  Ld _ pu I d _ pu  m _ pu 
 m _ pu   2m _ pu  8  Ld _ pu  Lq _ pu  I a2_ pu

(4.34)

2

sin  

4  Ld _ pu  Lq _ pu  I a _ pu

(4.35)

4.3.2. Determination of d-axis Inductance to Obtain the Desired Fluxweakening Region
The rated torque, Te, number of poles, P, rated and maximum mechanical speeds of the
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motor, Nr and Nmax, are considered as the design targets of the machine, whose values are
given. Rated voltage of the machine, Vph_rms, can be fixed based on the DC link voltage
availability.
Considering a typical direct-drive vehicle, the constant power speed ratio is limited to
a value less than 5 in this dissertation, which clearly deviates from the design
consideration of an IPMSM for a conventional EV. This condition prevails in the fluxweakening region where output power becomes zero. At this zero power condition Iq_pu
ideally becomes zero and hence Id_pu ideally becomes –1.0 pu. Hence, the speed at which
the output power becomes zero, max_pu, can be computed from (4.32) forcing Iq_pu = 0,
Id_pu = –1.0 pu, Va_pu = 1.0 and Ia_pu = 1.0. max_pu can be derived as in (4.36). The max_pu
can be calculated from Nmax. It was also found that the speed at which the constant power
drops below the rated power value in the flux-weakening region can be estimated by
forcing Va_pu = 1.0, and Id_pu to a value between –0.9 pu and 0.995 pu depending on the
inductance values:

max_ pu 

Va _ pu
 m _ pu  Ld _ pu

(4.36)

Hence, at this point, knowing max_pu and Va_pu = 1.0 at rated condition, one has to
choose a value of λm_pu less than 1.0 in order to find out the value of Ld_pu using (4.36).
Choosing the value of λm_pu and hence finding Ld_pu will ensure that the machine is
designed for a desired flux-weakening region.

4.3.3. Determination of q-axis Inductance, Optimal Current Angle, Load
Angle, and Power Factor Angle
Applying Ld_pu, λm_pu and Ia_pu=1.0 at the rated condition in (4.29), Lq_pu can be
determined by fixing a particular value for Ld_pu– Lq_pu based on the desired reluctance
torque percentage out of the total Te. Fig. 4.13 illustrates the phasor diagram of the threephase IPMSM. Once values of λm_pu, Ld_pu and Lq_pu have been fixed as explained above,
the current angle at the rated condition, when Ia_pu = 1.0, can be calculated from (4.35).
Using the value of the current angle, the angle between the applied voltage and backemf phasor () can be calculated from Vd_pu and Vq_pu in (4.33) and (4.34) respectively.
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From the phasor diagram in Fig. 1, knowing the values of γand  the angle between the
applied voltage and current phasor, can be calculated.

Fig. 4.13. Phasor diagram of the three-phase IPMSM considered in this chapter.

4.3.4. Calculation of Rated Current Value Based on Assumed Efficiency
Value for the Direct-drive IPMSM Considered
Based on desired output characteristics, if the fixed values of the parameters λm_pu,
Ld_pu and Lq_pu are found to yield satisfactory performance in terms of optimal γ and ,
then their actual values can further be obtained using the pu and base quantities
employing equations (4.22) – (4.24). The rated input power of the machine can be
estimated assuming the rated efficiency and, subsequently, the desired value of the rated
current of the machine, Irms/phase, can be calculated from the power input equation for a
typical three-phase machine.
The suggested procedure indirectly ensures that the specific magnetic and electric
loadings of the machine are fixed. Therefore, the above steps involved in modelling and
determining various parameters of a three-phase IPMSM facilitates in obtaining the
desired constant torque region, constant power region, reluctance torque, synchronous
torque percentages of total torque as well as optimal values for γ and .

4.3.5. Choice of Various Structural and Winding Details of the IPMSM
based on Empirical Data
The consequent step in the design procedure involves fixing the structural and winding
aspects of the stator. The slot/pole/phase ratio is to be pre-determined by fixing the
number of stator slots as desired. Also, various winding layout details such as the coil
span and the number of layers are necessary in order to calculate the angular slot pitch
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that is eventually used to estimate the fundamental winding factor, kw1 [5], [6]. Taking the
flux-weakening requirement for a low speed range of a direct-drive motor into account,
an air-gap length (g0) of 0.5 mm is found to be ideal [4]. In order to improve the accuracy
of structural design approach the effective air-gap length can be calculated by
incorporating Carter’s Coefficient (Kc) [6]. Furthermore, for the designed machine to
operate at desired working conditions, the average flux density (Bav) or the open-circuit
air gap flux density (Bg0) is to be fixed. Typical value of Bav for IPMSM in electric
vehicles is found to be 0.7 T [4]. A nominal value for the mechanical pole embrace (α)
i.e., pole arc/pole pitch ratio lies within the range of 0.85 to 0.95. A reasonable value for
Lls_pu is considered as 13% to 26% of the Ld_pu [11]. Actual values of λm, Ld, Lq, Lmd, and
Lmq can be obtained from sections 4.3.1 - 4.3.4 using corresponding base and per unit
values.

4.3.6. Calculation of Turns/Phase, Diameter and Length of the Machine
Incorporating d- and q-axis Magnetic Saturation
Knowing all the aforementioned parameters, the effective turns per phase, Tph, and
product of stator bore diameter, D, and stack length, Lst, can be calculated using (4.37) –
(4.39) [11]:

m 

2k w1T ph K f Bav DLst
P
Lmq 

La 

La
K sq





12 0 k w1T ph 2 DLst
P 2 K c g 0

(4.37)

(4.38)

(4.39)

where, Kf is the ratio between the amplitude of the fundamental wave and the average
value under one pole-pitch () of the air-gap flux density. It can be approximated to be
4/for IPMSM. Ksq is the q-axis saturation factor. After obtaining the DLst product, D
and Lst can be separately calculated using (4.40):
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K

Lst


(4.40)

where, K can range between 1.1 and 1.5 [4].

4.3.7. Calculation of Magnet Dimensions
Characteristics and Saturation Factors

Incorporating

Magnet

Using Lst, D and Tph, the thickness of the magnet (gm) can be obtained from (4.41) and
(4.42), and thus the width of the magnet (hm) can be obtained from (4.43) thereafter [11].

La K ad
K sd

(4.41)

Kc g0
g
Kc g0  m

(4.42)

Lmd 

K ad 

Bg 0 

2 r

Br
2 K g K
D
 r c 0 d0
2 K PM Phm
gm

(4.43)

where Ksd is the d-axis saturation coefficient usually between 1.1–1.3 [11] and µr is the
relative permeability of the permanent magnet used in the IPMSM rotor. KPM is the
permanent magnet leakage coefficient, usually 0.9 for IPMSM, if the magnets are placed
very close to the circumference of the rotor. Br is the remnant magnet flux density. Kd0 is
the d-axis saturation factor for an open–circuit condition, usually around 1.1.

4.4. Validation of the Proposed Approach through Electromagnetic
Design and Analysis
A 3-phase direct-drive IPMSM was designed and prototyped to validate the proposed
modelling and design approach through electromagnetic analysis first and then
experimentation. Considering the cost incurred in prototyping the machine and laboratory
testing and measuring capabilities, the design was downscaled in terms of torque and
power rating for direct-drive application and a DC bus voltage of 450 V was considered.
Designing an optimized machine for higher torque output and superior performance as
required for a typical direct-drive EV is set as a future work.
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(a)

(b)
Fig. 4.14. Three-phase IPMSM designed and prototyped with 48 slots, 8 poles distributed winding, coil
span of 5 and NdFeB35 magnets in the rotor. (a) Cross-section of the IPMSM. (b) Flux density distribution
at rated condition.

The rated speed of the down-scaled machine is 575 rpm which corresponds to nearly 60
km/hr for a direct-drive vehicle having a 16 inch tire. The magnets in the rotor were
designed to operate safely at a worst-case operating temperature of 120oC by taking
pessimistic values of temperature coefficients of Br and Hc such as –0.12%/oC and –
0.65%/oC and yet provide a constant power speed ratio closer to 3 which corresponds to
180 km/hr in a direct-drive vehicle. Various structural details and parameters of the
machine modelled and designed are listed in Table 4.4 and the machine cross-section and
flux distribution under rated condition are presented in Figs. 4.14 (a) and (b).
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TABLE 4.4
STRUCTURAL DETAILS AND PARAMETERS OF THE THREE-PHASE IPMSM OBTAINED FROM
ELECTROMAGNETIC DESIGN AND ANALYSIS
P0
Nr
VL–L rms
Nmax
Rs
Irms/phase
Tph
Lst
D
kw1
Br

4.3 kW
Lls
575 rpm
Lq
275 V
Ld
5,100 rpm λm
1 Ohm
g0
11 A
Slots
224 Nm
gm
136 mm
hm
135 mm Magnet
0.933
P
1T
µr

6.22 mH
65.78 mH
30.45 mH
0.577 Wb.T
0.5 mm
48
3.81 mm
25.4 mm
NdFeB35
8
1.25

4.4.1. Steady-state Performance Analysis of the Designed IPMSM through
Electromagnetic Model and Control
In order to determine the electromagnetic torque capability of the motor at various
operating conditions and also to obtain the optimal current angle at rated current and
rated torque, the designed IPMSM was operated at different current angles and peak
currents/phase, Ia.

Torque [Nm]

Ia = 0.02 A
Ia = 5.20 A
Ia = 10.37 A
Ia = 15.55 A

Ia = 1.74 A
Ia = 7 A
Ia = 12.10 A

Ia = 3.47 A
Ia = 8.65 A
Ia = 13.83 A

80
70
60
50
40
30
20
10
0
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
γ [deg]

Fig. 4.15. Torque delivered by the motor as a function of varying current angle values and currents/phase
obtained from electromagnetic analysis.
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Fig. 4.15 presents the torque versus current angle curves as a function of stator current
obtained from electromagnetic analysis. The current angle is found to be near 30 degrees
when the motor delivers the rated torque. Figures 4.16 (a) and 4.16 (b) present the torquespeed and power-speed characteristics and d- and q-axis currents of the machine under
both constant torque and constant power regions respectively. These characteristics were
obtained under MTPA and flux-weakening control operations with voltage constraint of
275V, current constraint of 15.55 A peak/phase and an operating temperature of 120oC in
the machine. As seen from Fig. 4.16 (a), a rated torque of nearly 70 Nm at rated speed of
575 rpm was obtained.

(a)

(b)
Fig. 4.16. Torque, output power (P0) and d- and q-axis currents obtained from electromagnetic analysis as a
function of speed, under constant torque and flux-weakening regions at MTPA limits VL–L rms = 275 V and
Ipeak/phase = 15.55 A for the IPMSM under consideration. (a) Torque vs. speed and output power vs. speed.
(b) d- and q-axis currents.
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Moreover, as seen from Figs. 4.16 (a) and 4.16 (b), the output power tends to become
very close to zero at a speed closer to 5,500 rpm in the flux-weakening region as Iq tends
to zero and Id reaches the maximum current value. The constant power can be maintained
until 1,750 rpm which is a CPSR near 3.

4.4.2. Comparison of Design Details and Results Elicited through the
Proposed Analytical Design Approach and Electromagnetic Analysis
The per unit based design approach stated in Section 4.3, is validated using various
design details and parameters as listed in Table 4.4 and the corresponding base and per
unit values are determined using equations as explained in the previous section and are
presented in Table 4.5. The per unit values were employed to find out the optimal current
angle while delivering the rated torque at rated current and when the power becomes zero
in the flux-weakening region (max_pu) using (4.35) and (4.36). A current angle of 29.5o
and max_pu of 8.74 was obtained. These values of current angle and max_pu are in close
agreement with the results obtained from electromagnetic analysis as shown in Figs. 4.15
and 4.16. However, small discrepancies in the results can be expected as variations in dand q-axis inductances due to saturation are approximated in the design approach [8].
The validity of the proposed design approach can be further reinforced with the help of
results from the numerical investigations as illustrated in Figs. 4.17 (a) – (c). Fig. 4.17 (a)
presents the variation of max_pu with λm_pu for varying Ld_pu values. It can be seen from
the figure that with a λm_pu of 0.63 and Ld_pu of 0.5205, amax_pu closer to 8.75 can be
obtained, which is in close correspondence with the results from electromagnetic analysis
of the machine. Figs. 4.17 (b) and 4.17 (c) show the variation of the power output and
current angle as a function of varying Lq_pu–Ld_pu and λm_pu, respectively. These results
have been calculated considering a maximum saliency ratio (Lq/Ld) to be 3 pu with
maximum Ld to be 1.0 pu. It can be seen from the figures that at a Lq_pu–Ld_pu = 0.6 pu
and λm_pu = 0.63 pu, the optimal current angle of 30 degrees and power output of nearly
0.8 pu can be obtained as in the case of results obtained from electromagnetic analysis for
the machine. Moreover, Figs. 4.17 (a) – (c) also assist in determining the optimal values
of λm_pu and Ld_pu depending on the desired max_pu as required in the design methodology
presented in this chapter.
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(a)

(b)

(c)
Fig. 4.17. Graphical representation of the relation between PM flux linkage, d-axis inductance, q-axis
inductance, max and output power in per unit quantities where PM flux linkage is varied between 0 and 1.0
pu at periodic steps of 0.1 pu. (a) PM flux linkage and d-axis inductance as a function of changing max.
(b) Output power versus difference of q-axis inductance and d-axis inductance.
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TABLE 4.5
BASE AND PU QUANTITIES CALCULATED FOR THE MACHINE DESIGNED
γ 29.5 deg Va_base 224.5 V
λm_base 0.91 Wb.T
Ia_base 15.55 A Va_pu
1.0
λm_pu
0.6345
Ia_pu
1.0
Zbase 14.43 Ohm Pi_base
5236 W
L_base 0.0585 H Id_pu
–0.49 Lq_pu– Ld_pu 0.6039
Ld_pu 0.5205 Iq_pu
0.87
P0_pu
0.8110
Lq_pu 1.1244 max_pu
8.74
base 246.59 rad/s
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Fig. 4.18. Open-circuit air-gap flux density and PM flux linkage waveform obtained through
electromagnetic analysis for the machine under consideration.

After fixing the Ld_pu and λm_pu values based on max_pu, Lq_pu can be determined to obtain
an optimal current angle and output power. Fig. 4.18 shows the open-circuit air-gap flux
density (Bg0) and open-circuit PM flux linkage characteristics of the motor. The equations provided in
Section 4.3.6 are offered with the assumption that Bg0 is a square wave. As it

can be seen from Fig.

4.18, the air-gap flux density waveform might not be a square wave in practical cases but
a trapezoidal wave. Hence, for validation, Bav was calculated from the area of trapezoid.
This idea has been generalized and Bav has been incorporated in (4.37) instead of αBg0 for
an accurate design methodology. In order to validate the structural design of the machine,
structural design data obtained from the electromagnetic analysis and the prototype of the
machine as listed in Table 4.5 was employed to calculate the turns/phase and DLst
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Rotor Lamination

Complete re-wound Stator

NdFeb 35 Magnets

Assembled rotor

PM rotor insertion into stator

Complete IPMSM

Fig. 4.19. Various parts of the prototyped IPMSM that was designed using the proposed design approach.
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product as explained in (4.37) –(4.39). With a Bav of 0.6 T, the turns per phase and DLst
product were calculated to be 218 and 0.016 m2 respectively when compared to 224 and
0.018 m2 as in the prototyped machine.

4.5. Validation of the Proposed Approach through Experimental
Investigations
4.5.1. Design Aspects of the IPMSM Prototyped
Followed by investigations based on electromagnetic analysis and mathematical
modelling, the designed machine was prototyped. A double layer of distributed winding
with a coil span of 5, tight end-winding and slot fill factor of 60% could be achieved.
M19 29G steel laminations were used and slots were cut very closely to the designed
dimensions. Resistance temperature detectors were embedded in all three-phase windings
for winding temperature measurement and vents were made on the end-bell plate for
visual inspection and magnet temperature measurement. A shaft encoder was also used
for rotor position sensing. Fig. 4.19 shows cross-sections of the lamination, magnets,
rotor, and stator.

4.5.2. Determination of Electrical Circuit Parameters and Losses
Various parameter determination tests were performed on the motor such as: a DC test
to measure stator resistance; a back-emf test to measure permanent magnet flux linkage;
and load tests to measure d- and q-axis inductances as proposed in [12] – [15] previously.
It was found that the magnet flux linkage at 20oC was close to 0.667 Wb.T. Fig. 4.20 (a)
presents sample results for one loading condition of the motor employed to obtain the
inductances at various speeds and currents. The values of Ld and Lq were determined at a
constant speed of 650 rpm under a range of stator current from 2 A to 12.8 A. The Ld
varied from 30 mH to 20 mH and Lq varied from 90 mH to 60 mH. Stator resistance was
measured to be nearly 1.0 Ohm/phase. Mechanical loss of the machine was
experimentally measured using a magnet-less rotor and found to be 25 W at 1,800 rpm.
Core loss was calculated using electromagnetic analysis and was found to be 50 W at
1,800 rpm. A lower frequency-induced loss component due to low speed operation of the
motor is one of the major advantages of the direct-drive motor. The efficiency of the
machine was experimentally measured to be 92% when it was tested with a 11 A/ph rms
current at 575 rpm while delivering a torque of 77 Nm.
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(a)

(b)
Fig. 4.20. Results from parameter and performance determination tests. (a) Measured voltage, current and
position sensor waveforms obtained from load test for determination of d- and q-axis inductances. (b)
Losses and efficiency curves determined over the entire speed range.

Fig. 4.20 (b) shows the various losses and efficiency characteristics of the machine under
constant speed and torque regions as obtained from both electromagnetic analysis and
experimental investigations. Fig. 4.21 shows mechanical loss results obtained by
inserting the designed rotor without the magnets into the stator and running the machine
at different speeds by a prime mover. The speed of the prime mover and torque at the
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shaft was measured and the input mechanical power was calculated from torque and
speed. Since there is no current in the windings and magnets in the rotor, core and copper
losses can be avoided. Hence, only mechnical loss component prevails in the machine.
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(b)
Fig. 4.21. Experimental set-up with prime mover coupled to the prototyped machine with a magnet-less
rotor to determine the mechanical loss characterstics of the machine at different speeds. (a) Experimental
setup. (b) Mechanical loss characteristics.

4.5.3. Experimental Steady-state Performance Analysis of the IPMSM under
PWM Excitation and MTPA Control Scheme
In order to investigate the steady-state output performance of the machine, it was
driven using a MTPA control scheme under the current control mode. An Opal-RT
controller system was used to drive the inverter switches and with the help of sufficient
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(a)

(b)

Measured Torque [Nm]

Fig. 4.22. Experimental set-up with DC/AC converter and dynamometer coupled to the IPMSM under test
for determination of parameters and steady-state performance characteristics. (a) Dynamometer coupled to
the IPMSM. (b) IGBT based power electronic DC/AC converter and Opal RT system for implementing
MTPA control.
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Fig. 4.23. Torque measured at the shaft of the IPMSM at 100 rpm when a rated current of 11 A/phase was
injected into the motor at a current angle of 30 deg.
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current and voltage sensors, measurements were taken. The machine was loaded using a
programmable dynamometer and the torque was measured using a transducer. Fig. 4.22
shows the converter stack, controller system and the IPMSM coupled to the
dynamometer employed for parameter determination and load tests.
Fig. 4.23 shows the torque measured at the shaft of the IPMSM when a rated current of

Phase B current

Phase C current

Phase A current

(a)

q-axis current (Scale:1V/A)

d-axis current (Scale:1 V/A)

Position sensor signal

Phase current

(b)
Fig. 4.24. Currents measured when the machine was driven with PWM excitation under current control
mode of MTPA control scheme. (a) Three-phase stator currents. (b) d- and q-axis currents.
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11 A rms/phase was injected into the motor at a current angle of 30 degrees. An average
torque of 77 Nm could be obtained at a speed of 100 rpm. Fig. 4.24 (a) shows the threephase currents at the stator terminals and Fig. 4.24 (b) shows the phase, d- and q-axis
currents along with position sensor signal. A d-axis current of –7.77 A, q-axis current of
13.62 A and per-phase peak current of 15.55 A can be seen in Fig. 4.24 (b) as expected.
Figs. 4.25 (a) – (c) show various harmonics that were measured in the phase current, and
phase and line voltages.

(a)

(b)
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(c)
Fig. 4.25. Harmonics measured in the phase and line voltages and current. (a) Phase voltage. (b) Phase
current (c) Line voltage.

As desired, the triplen harmonics observed in the phase voltage are mitigated in the
line voltage and using a chording angle of 30 degrees electrical in the stator, 5th and 7th
harmonics are mitigated. However, small amplitude of the 11th harmonics can be seen,
which led to high frequency oscillations in the torque waveform.

4.5.4. Measured Winding and Magnet Temperatures of the IPMSM under
PWM Excitation and MTPA Control Algorithm
While the machine was driven by the MTPA control scheme at rated current condition,
the winding temperature was measured using RTDs embedded in the stator, and the
surface and magnet temperatures were measured using a thermal imager.
Figs. 4.26(a) and 4.26(c) show the winding temperature rise and magnet temperature
when the winding temperature in the machine reached 120oC with a constant current
excitation of 15 A/ph rms, which is 4 A/ph rms more than the designed current rating of
the machine. The PM flux linkage was also measured after the winding temperature
settled at 120oC and it was found that the PM flux linkage had dropped to 0.627 Wb.T.
Fig. 4.26(a) shows the temperature rise in the winding over a period of 160 minutes
and Fig. 4.26(b) shows the magnet temperature when the winding temperature of the
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machine had reached a steady value after 160 minutes. As seen from Figs. 4.26(a) and
4.26(b), the winding temperature was near 70oC and the magnet temperature was nearly
50oC when the machine was delivering the rated torque.
120
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(c)
Fig. 4.26. Winding temperature rise and magnet temperatures measured when the machine was operated at
100 rpm through MTPA and vector control schemes and phase currents were 11 A and 15 A. (a) Winding
temperature rise. (b) Magnet temperature at 70 oC winding temperature. (c) Magnet temperature at 120 oC
winding temperature.
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Fig. 4.27. Magnet torque component measured at the shaft of the IPMSM at 100 rpm when a rated current
of 15 A rms/phase was injected into the motor at a γ angle of 0 deg.

q-axis current (Scale: 0.5V/A)

Phase A current

Phase B current

Phase C current

Fig. 4.28. Currents measured when the machine was driven with PWM excitation under vector control
scheme. (a) Three-phase stator currents. (b) q-axis current.

The magnet flux linkage was also measured at this temperature and it was found to be
0.657 Wb.T. The current rating of 11 A corresponds to a pessimistic current density
rating of 5.5 A/mm2. The temperature rise due to core loss and mechanical loss was
found to be negligible as the loss value put together was 10 W. Furthermore, the
machine’s output capability was also tested until the winding temperature reached 120oC
through vector control where the d-axis current was kept at zero. It was found that a
maximum current of 15 A/ph rms could be injected into the machine keeping a steady
temperature of 120oC.
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4.5.5. Testing IPMSM Output Capability for Continuous Operation at 120o
C Employing Vector Control Algorithm (id =0)
Figure 4.27 presents the measured magnet torque component on the shaft of the
IPMSM when the temperature in the machine reached 120oC with a constant current
excitation of 15 A/ph rms under vector control scheme. Fig. 4.28 presents the three-phase
stator currents and q-axis current. At this condition, the machine could deliver an average
magnet torque of 71.8 Nm. The machine could not be tested for full torque capability
due to the limited torque rating of the dynamometer. This shows that the machine’s stator
can be designed using a current density of 7.5 A/mm2 for continuous operation at 120oC.

4.5.6. Output Performance of the IPMSM at 120oC Continuous Operation
under MTPA and Flux-weakening Conditions Obtained through FEA
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Fig. 4.29. Calculated torque-speed and power-speed characteristics through electromagnetic analysis
incorporating MTPA and flux-weakening control with extended current rating of 15 A/ph rms and PM flux
linkage of 0.62 Wb.T. (a) Torque-speed characteristics. (b) Power-speed characteristics.
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As found above, the rated current of the machine can be extended to 15 A/ph rms for a
continuous operation at 120oC. At this temperature, the magnet flux linkage is also found
to be closer to 0.627 Wb. T. Hence, using these experimentally determined empirical
details the performance of the machine is analyzed for a DC link voltage limit of 450 V.
Figs. 4.29(a) and (b) present the torque-speed and power-speed characteristics of the
machine. The rated torque capability of the machine can be extended to 105 Nm until a
speed of 510 rpm at a lower efficiency due to the higher copper loss. Constant power can
be maintained until 2,100 rpm.

4.6. Conclusions
This chapter proposed a novel MTPA theory based approach to design a three-phase
IPMSM for direct-drive EVs which employs analytical closed form and per-unitized
equations to finally yield parametric, structural, magnet and winding design of the directdrive machine. The proposed design methodology was also validated through
electromagnetic analysis and experimentation on a prototyped IPMSM. It was shown that
the developed model based design approach enables a researcher to optimally fix various
parameters to yield desired output characteristics and operating conditions. The proposed
design approach was found to provide satisfactory performance as an initial approach to
IPMSM design before FEA based refinement and prototype development. The work
presented in this chapter can be furthered by incorporating an optimization algorithm to
find the optimal combination of various parameters and design variables to obtain desired
output characteristics from the machine.
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Chapter 5
Design and Steady-state Analysis of IPMSM
with Dampers for Traction and Integrated
Charging Applications
5.1. Introduction
Based on the investigations conducted in chapter 3, it can be inferred that an interior
permanent magnet synchronous machine (IPMSM) is comparatively less prone to magnet
demagnetization

and

magnet

losses

but

its

saliency

feature

causes

unbalanced/asymmetrical phase voltages when the IPMSM’s phase currents are
controlled to be symmetrical under integrated charging (IC) operation. In an effort to
mitigate the saliency effect in IPMSM during IC operation, this chapter discusses results
from investigations on the addition of damper bars in the rotor of IPMSM. During the
steady-state traction operation of the machine, ideally, the dampers in the rotor will not
come into effect due to the synchronous operation of the machine. Moreover, results
presented in [1] have shown that the incorporation of proper dampers with desired
parameters in existing IPMSM has been found to: 1) improve the transient performance
of the IPMSM drive at high-speed region and 2) assist fault isolation capability of the
machine due to more overshoot and lesser rise time. The findings presented in [1] were
derived through a trial and error method based on a two-axis model of IPMSM with
dampers and does not present a feasibility study of such a traction machine design. One
of the concerns with such a machine design approach was that the designed damper
resistance and damper leakage inductance could be too small and lead to bigger rotor bars
that could be tedious to be accommodated inside the high torque density IPMSM rotor
with space considerations. Moreover, steady-state analysis of such an IPMSM with
damper under proper MTPA controls across the entire speed range of the machine was
also not presented. Hence, motivation is derived here to develop a model based design
approach for an IPMSM with dampers that can yield desired output characteristics during
traction and assist mitigation of the effect of winding inductance during IC operation.
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5.2. Parametric and Structural Design Approach for IPMSM with
Dampers in the Rotor for Traction and Integrated Charging
In order to investigate the feasibility of the design of IPMSM with dampers, details of
the existing laboratory IPMSM as shown in Fig. 5.1 (a) and (b) were utilized.
Performance of the existing IPM machine and its electromagnetic model was validated
and results were presented in chapter 3. Overall stator and rotor dimensions, stator slot
geometry and the frame size from the existing 48 slot and 8 poles machine was kept the
same for the IPMSM with dampers. Existing machine was rated for 70Nm torque and
575 rpm. However, the design target was to obtain a continuous torque of 110 Nm at a
rated speed of 4,000 rpm and maintain a constant power of 46 kW until a maximum
speed of 14,000 rpm keeping the existing frame size. Such a design of the machine
delivering higher output power: 1) will increase the capability of the machine in terms of
its current carrying capability and enable investigation of IC under typical Level 3
charging or fast charging scenario, and 2) results obtained from IC and traction on such a
machine would be comparable to results obtained from conventional high speed IPM
traction machines in commercially available electric vehicles.

(a)
(b)
Fig. 5.1. Cross-sections of the stator and rotor of conventional IPMSM prototyped and taken here for
inserting dampers in the rotor. (a) Stator of IPMSM. (b) Rotor of IPMSM.

The rated torque, Te, number of poles, P, rated and maximum mechanical speeds of the
motor, Nr and Nmax, are considered as the design targets of the machine, whose values are
given above. Rated voltage of the machine, Vph_rms, was calculated to be 275 VLL rms
91

based on the DC link voltage availability of 450 VDC and sine-PWM inverter control
strategy.
The d- and q-axis equivalent circuit equations and hence the respective equivalent
circuits of an IPMSM with damper based on Park’s reference frame [2] can be
represented in a way similar to that done for a conventional three-phase PMSM with
additional incorporation of one d-axis rotor cage and one q-axis cage, considering small
and medium sized machines, as formulated and shown in Figs. 5.2 (a) and (b). The
motoring convention of the machine is assumed positive and the machine is analyzed in
the rotor reference frame [2]. The volt-ampere equations of the IPMSM with damper can
be written as in (5.1) and the mechanical equations of the motor may be written as in
(5.2), (5.3), and (5.4), where symbols have their usual meanings [2]. The first term of the
total electromagnetic torque on the right hand side of (5.3) represents the component
arising out of “synchronous machine” action due to permanent magnet and saliency and
the second term on the right hand side of (5.3) represents the component arising out of
“induction machine” action out of the rotor cages (damper). All other symbols of the
parameters of the equivalent circuits of Fig. 5.2 (a) and (b) have their usual meanings [2].

(a)

(b)
Fig. 5.2. d-axis and q-axis equivalent circuits of a three-phase IPMSM with damper in rotor reference
frame. (a) d-axis. (b) q-axis.
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Mathematical model of the IPMSM with dampers developed has been experimentally
validated in [1] and [3], and found to yield satisfactory results. However, during ideal
traction conditions the damper will not play a role and hence the damper circuit can be
neglected in the first stage of this design approach. Hence, deriving knowledge from [4],
[5], a per-unitization based approach employing MTPA theory equations and dq-axis
model of conventional IPMSM as presented in [2] is employed here.
The speed at which the output power becomes zero in constant power region, max_pu,
can be computed from (5.5) forcing Iq_pu = 0, Id_pu = –1.0 pu, Va_pu = 1.0 and Ia_pu = 1.0.
Where Id, Iq are d- and q-axis currents, Va and Ia are peak values of stator voltage and
current and r is the rated electrical speed.
2
2
Va2_ pu  r2 _ pu  Lq _ pu I q _ pu     m _ pu  I d _ pu Ld _ pu  



max_ pu 

Va _ pu
 m _ pu  Ld _ pu

(5.5)

(5.6)

max_pu can be derived as in (5.6). It was also found that the speed at which the constant
power drops below the rated power value in the flux-weakening region can be estimated
by forcing Va_pu = 1.0, and Id_pu to a value between –0.9 pu and 0.995 pu depending on the
inductance values. Hence, at this point, knowing max_pu and Va_pu = 1.0 at rated condition,
a value of λm_pu less than 1.0 has to be chosen in order to find out the value of Ld_pu using
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(5.6). Choosing the value of λm_pu and hence finding Ld_pu ensured that the machine is
designed for a desired flux-weakening region.

Te _ pu   m _ pu I q _ pu   Ld _ pu  Lq _ pu  I q _ pu I d _ pu 

(5.7)

Applying Ld_pu, λm_pu and Ia_pu=1.0 at rated condition in (5.7), Lq_pu was determined by
fixing a particular value for Ld_pu– Lq_pu based on the desired reluctance torque percentage
out of the total Te. Once values of λm_pu, Ld_pu and Lq_pu have been fixed as explained
above, current angle at rated condition, when Ia_pu = 1.0, can be calculated from (5.8).
Using the value of current angle, the angle between the applied voltage and back-emf
phasor (), can be calculated from Vd_pu and Vq_pu From the phasor diagram in Fig. 5.3,
knowing the values of γand  the angle between the applied voltage and current phasor,
can be calculated.

 m _ pu   2m _ pu  8  Ld _ pu  Lq _ pu  I a2_ pu
2

sin  

4  Ld _ pu  Lq _ pu  I a _ pu

(5.8)

Fig. 5.3. Phasor diagram of the three-phase conventional IPMSM considered.

The rated input power of the machine can be estimated assuming the rated efficiency
and output power, subsequently, the desired value of rated current of the machine,
Irms/phase, can be calculated from the power input equation for a typical three-phase
machine. The suggested procedure indirectly ensures that the specific magnetic and
electric loadings of the machine are fixed. Therefore, the above steps involved in
modeling and determining various parameters of a three-phase IPMSM facilitates in
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obtaining the desired constant torque region, constant power region, reluctance torque,
synchronous torque percentages of total torque as well as optimal values for γ and .
The consequent step in the design procedure involves fixing the structural and winding
aspects of the stator incorporating d- and q-axis saturation factors. Actual values of λm,
Ld, Lq, Lmd, and Lmq can be obtained using corresponding base and per unit values. The
effective turns per phase, Tph, and product of stator bore diameter, D, and stack length,
Lst, can be calculated using (5.9) – (5.11):

m 

2k w1T ph K f Bav DLst

Lmq 

La 

(5.9)

P
La
K sq



(5.10)



12 0 k w1T ph 2 DLst
P 2 K c g 0

(5.11)

where, Kf is the ratio between the amplitude of the fundamental wave and the average
value under one pole-pitch () of the air-gap flux density. It can be approximated to be
4/for IPMSM. Ksq is the q-axis saturation factor. kw1 is the fundamental winding factor
of stator. Typical value of Bav for IPMSM in electric vehicles is found to be 0.7 T [6]. A
nominal value for the mechanical pole embrace (α) i.e., pole arc/pole pitch ratio lies
within the range of 0.85 to 0.95. A reasonable value for leakage inductance (Lls_pu) is
considered as 13% to 26% of the Ld_pu [7]. An air-gap length (g0) can be fixed and
effective air-gap length can be calculated by incorporating Carter’s Coefficient (Kc) [8].
After obtaining the DLst product, D and Lst can be separately calculated using (5.12):

K

Lst


(5.12)

where, K can range between 1.1 and 1.5 [6].
The design approach presented above was validated using the existing laboratory
conventional IPMSM in Fig. 5.1. Necessary parameters and structural details of the
machine were utilized and with a Bav of 0.6 T, the turns per phase and DLst product were
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calculated to be 218 and 0.016 m2 respectively when compared to 224 and 0.018 m2 as in
the prototyped machine.
Once λm, Ld, Lq, Lmd, Lmq, Tph, D and Lst have been found out employing the procedure
in the above subsection, the dampers for the IPMSM can be designed. The d-and q-axis
equivalent circuits of the IPMSM with dampers during IC operation are as shown in Figs.
5.4 (a) and (b). During IC operation, the impedance of the damper bars including damper
resistance r’k and damper reactance X’lk, both referred to the stator side, will come in
parallel to the magnetizing reactance Xm in both the d- and q-axis circuits of the machine.
Since Xmd and Xmq are different in an IPMSM, the saliency feature causes asymmetry in
the phase inductances and hence in the corresponding phase voltages depending on the
position of the rotor.

(a)

(b)
Fig. 5.4. d- and q-axis equivalent circuit models of an IPMSM with dampers in the rotor reference frame
during integrated charging. (a) d-axis. (b) q-axis.

Understanding the above, since the Xmd and Xmq have been designed to provide a specific
reluctance torque percentage and output characteristics of the machine during traction
they cannot be altered. Hence, the saliency effect during IC has to be mitigated
independently without affecting the conventional IPMSM’s equivalent circuit parameters
96

that are designed for traction application. Knowing the values of Xmd and Xmq at 60 Hz
operation, the major objective while designing the dampers for IC, should be to choose a
value of r’k and X’lk at 60 Hz operation such that the equivalent impedance of the damper
is too small and when in parallel with the magnetizing reactance, will make the overall
impedance of the parallel branches negligible. When the same dampers are employed in
both d- and q-axis circuits, the difference between the equivalent impedance of both dand q-axis circuits become very small. Such a situation causes the saliency effect to be
majorly mitigated as the phase inductance comprises of the stator leakage inductance and
very small component of the corresponding d- and q-axis magnetizing inductances. Once
values of r’k and X’lk are chosen such that the overall impedance of the parallel branches
including r’k, X’lk and Xm become near zero or very small, damper bars can be designed
using equations (5.13) - (5.17) incorporating structural and parametric design details
obtained previously.

rk  PZ d

X lk 1.58 f

Lb
K b Ab

(5.13)

Zd P
Lb s 10 7
2

(5.14)

Where rk and Xlk are the damper resistance and leakage reactance of the damper, P is the
number of poles, Zd is the number of bars/pole, Kb is the conductivity of the damper
material, Ab is the area of cross-section of the bars in sq. mm and Lb is the length of the
bar. s  0.66  h4 for round slots and s  0.66  h4  hs for oval slots [9].
bo

bo

X 'lk 

r 'k 

3(Tphkw1 ) 2
2( N d k D ) 2
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2( N d k D ) 2
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Z d  sd
)
4 p

sin(

 sd
)
2 p

(5.17)

where, Nd is the number of turns/phase of the damper winding and kD is the fundamental
winding factor of the damper-winding.sd is the slot pitch of the damper bars and p is the
pole pitch [9].

5.3. Details of the Designed IPMSM with Dampers in the Rotor and its
Performance under Integrated Charging
Building on the laboratory prototoype machine in Fig. 5.1 (a) and (b), employing the
approach presented above, a conventional IPMSM with bar magnets and an IPMSM with
dampers and V shape magnets in the rotor were designed. The conventional IPMSM was
designed to only provide desired output traction characteristics whereas the IPMSM with
dampers was designed to provide desired output traction characteristics as well as
mitigate the saliency effect during IC operation. Cross-sections of these machines are
shown in Figs. 5.5 (a) and (b). Structural and winding details of both the machines are
listed in Table 5.1. The authors would like to state that, emphasis was laid to investigate
the design feasibility of an IPMSM with dampers for traction and IC operation, rather
than refining and optimally designing the machine. Designing an optimized IPMSM with
dampers for higher torque density and superior performance as required for a typical EV
is set as a future work.

(a)
(b)
Fig. 5.5. Cross-section of the IPMSMs designed based on the existing laboratory IPMSM prototype to
deliver the desired traction output characteristics and mitigate saliency during IC operation. (a)
Conventional IPMSM (b) IPMSM with dampers.
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When compared to an IPMSM with bar magnet configuration in the rotor as shown in
Fig. 5.5 (a), an IPMSM with dampers employing a V shaped magnet design in the rotor
helped in reducing the flux leakage and increasing the flux linkage to the stator due to the
flux focusing arrangement. The rotor bars act as barriers and prevent leakage of flux.
Moroever, the V shaped magnet design in the rotor is a common design trend in
commercially available traction motors due to their optimal performance in both constant
torque and power regions [10].
TABLE 5.1
STRUCTURAL AND WINDING DETAILS OF THE 48 SLOTS 8 POLES CONVENTIONAL IPMSM
AND IPMSM WITH DAMPERS
Parameter
Magnet Size/Pole
Damper material
Dampers/pole
Overall Weight
Turns/phase
Stator inner Diameter
Stack Length
Rotor inner Diameter
PM Remnant Flux Density (Br)
Coercivity (Hc)
Continuous Current/Phase
Slot fill factor
Current Density

IPMSM with Dampers Conventional IPMSM
39x2.81 mm
Copper
6
31.292 kg

25.4x3.81 mm
N/A
N/A
30.439 kg
32
135 mm
136 mm
85 mm
1.077 T
-710 kA/m
120 A rms
60%
7.5 A/sq.mm

TABLE 5.2
VALUES OF THE EQUIVALENT CIRCUIT PARAMETERS AT 60HZ IN THE DESIGNED IPMSM
WITH DAMPER
rs
0.022 
r’kd
0.035 

Xls
0.044 
r’kq
0.035 

Xmd
0.213 
X’lkd
0.029 

Xmq
0.350 
X’lkq
0.029 

Circular damper bars were designed employing the above approach. Since the rk and
Xlk values are a function of the stator turns/phase as presented in (5.15) and (5.16),
turns/phase could not be altered to bring the Xm and damper impedance closer. After
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fixing the design of the damper bars that mitigate saliency, turns/phase in the stator can
be altered to refine the d-axis inductance or PM flux linkage as the ratio of Xm to r’k and
X’lk are fixed. A stator to damper resistance ratio of 3:1 and a stator to damper leakage
reactance ratio of 1:1 was obtained. Such a ratio between the resistances and leakage
inductances have also been found to yield good transient perfromance as well [1]. These
dampers were incorporated in the machine design and the overall performance of the
IPMSM with damper was analyzed. More the number of damper bars, lesser was the r’k
and X’lk values which is favourable to mitigate saliency. However, placing many circular

(a)

Phase A

Phase B

Phase C

40
30
Voltage [V]

20
10
0
-10
-20
-30
-40
0

20

40
60
Time [ms]
(b)

100

80

100

Phase A

9

Phase B

Phase C

Voltage [V]

6

3
0
-3
-6
-9
0

20

40
60
Time [ms]

80

100

(c)

Phase A

20

Phase B

Phase C

15
Voltage [V]

10
5
0
-5
-10
-15
-20
0

20

40
60
Time [ms]

80

100

(d)
Fig. 5.6. Damper bar cross-section and three-phase voltages in both the machines during IC operation at
same rotor position of 3.75 degrees. (a) Damper-bar dimensions designed. (b) Phase voltages in
conventional IPMSM with 51 A rms/phase currents and 60Hz. (c) Phase voltages in IPMSM with dampers
with 51 A rms/phase currents and 60Hz. (d) Phase voltages in IPMSM with dampers with 120 A rms/phase
currents and 60Hz.

damper bars on the circumference of the rotor was blocking the flux coming from the
magnet under it. This would increase the rotor teeth flux density and saturate the flux
path not allowing the flux from the magnet to go to the air-gap. Hence, the damper bars
were made elliptical containing the same area as the circular damper bars. This lead to
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minimizing the rotor teeth flux density to a feasible value of 1.7 T. Dampers made of
copper material was used due to their lower resistance. When copper was replaced by
aluminum, the damper resistance increased to 0.0536 Ohms. Final values of various
electrical parameters in the d- and q-axis circuits are listed in Table 5.2.
Figure 5.6 (a) shows the dimensions of the damper bar designed to mitigate the effect
of winding inductance during IC in IPMSM with dampers. Also Figs. 5.6 (b) and (c)
show the three-phase voltage waveforms in both the machines under a balanced phase
current of 51A rms/phase at 60 Hz during IC operation.
A real-time practical scenario of charging a typical EV has also been considered here.
A commercially available EV such as Mitsubishi i-MiEV as shown in Fig. 5.7, has a 47
kW permanent magnet motor and is equipped to charge its 16 kWh battery pack with
level 3 charging capability. The level 3 fast charging capability is rated until a maximum
of 44 kW at 480VDC. This results in a current of around 91.6 A DC. If such a current has
to come out of an integrated charging environment with the grid-side AC-DC converter
of the traction powertrain controlled at unity power factor, the peak current that will be
flowing through the armature will be around 170A AC peak/phase. Corresponding RMS
current/phase will be 120 A. Hence, in this paper, the IPMSM with damper is
investigated at 120A rms/phase also. Fig. 5.6 (d) shows the three-phase voltage
waveforms in IPMSM with damper under a balanced phase current of 120A rms/phase
and 60 Hz during IC operation.

Fig. 5.7. Mitsubishi i-MiEV Level 3 charging at 44 kW at 480 V DC and 91.6 A DC. Corresponding AC
current/phase will be 120 A rms [11].
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The dampers used in rotor of the IPMSM are uniform dampers having the same r’k and
X’lk values in both d- and q-axis. This is the reason there is still small assyemetry in the
phase voltages in Figs. 5.6 (c) and (d). Using specially designed dissimilar dampers in
both d-and q-axis, saliency can be further mitigated to obtain symmetric phase voltage
waveforms. This is set as a future work.
During IC, under 51A rms/phase currents, the lowest magnet operating point of the
convetional IPMSM was 0.65 T and – 250kA/m whereas in the IPMSM with damper it
was 0.8 T and –150 kA/m. Under 120 A rms/phase currents, the lowest magnet operating
point of the convetional IPMSM was 0.4 T and – 400 kA/m whereas in the IPMSM with
damper it was 0.72 T and –196 kA/m. This ensures that the magnet in the IPMSM with
damper will not be demagnetized under IC operation. The loss figures during these
operating conditions are listed in Table 5.3. As seen in Table 5.3, stator copper loss is one
of the major loss contributors in both the IPMSMs. The damper bar loss is the second
major loss component in the IPMSM with dampers. However, these loss components are
inevitable inorder to reap the benefits of an IPMSM with dampers for IC operation.
Moreover, it can be inferred from Table 5.1 that the weight of the IPMSM with damper is
around 0.9 kg more than that of the conventional IPMSM due to the presence of dampers.
Due to the presence of the dampers in the rotor, amount of steel used in the rotor
decreased by 1.1 kg. This also led to reduced core loss in the machine.
TABLE 5.3
AVERAGE VALUES OF CORE, COPPER AND ROTOR (MAGNET + DAMPER BAR LOSS) LOSSES
IN THE DESIGNED IPMSMS WITH AND WITHOUT DAMPERS DURING IC OPERATION
Input Current and Losses IPMSM with Dampers Conventional IPMSM
Current/Phase
Copper Loss
Core Loss
Rotor Loss

51 A rms
172 W
2.35 W
124.75 W

120 A rms
950 W
9.0 W
700.0 W

51 A rms
172 W
16.5 W
5.0 W

120 A rms
950 W
42 W
22 W

5.4. Comparative Analysis of the IPMSM with and without Dampers
under Steady-state Operation and MTPA Control
Electromagnetic analysis of the designed IPMSMs with and without dampers was
conducted in conjunction with MTPA controls in order to elicit the steady-state
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performance characteristics of the machines. The current and voltage limits were 120A
rms/phase and 275 VLL rms. The results from steady state analysis over the entire speed
range for both the machines are presented in Fig. 5.8. The machine with dampers could
only deliver a maximum continuous torque of 105 Nm, whereas the machine without
dampers could deliver a maximum torque of 120 Nm under the same dimensions and a
stator current of 120 A rms/phase. The thickness of the V-shape magnet in the rotor could
not be increased further due to the rotor teeth flux density limit of 1.7 T. The fluxweakening design could be further improved by putting a bridge opening near the
intersection of two limbs of the V shape magnet. This will increase Lmd. Although the
desired constant power region was obtained, the continuous power value decreased in the
IPMSM with damper due to the reduced torque capability of the machine. The overall
efficiency of the IPMSM with damper is minimally lesser than that of the conventional
IPMSM due to the presence of damper bar loss component which arises as a function of
the harmonic currents during traction operation. However, both the machines were
designed to deliver the desired output characteristics during steady-state traction
operation.
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Fig. 5.8. Torque, output power and efficiency results from steady-state analysis conducted on both the
machines designed through MTPA control scheme under current and voltage limits of 120A rms/phase and
275 VLL rms.
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5.5. Conclusions
This chapter exclusively investigated IPMSM with dampers for integrated charging
and traction applications. Design feasibility of such a machine was presented and steadystate analysis of such an IPMSM with damper under proper MTPA controls across the
entire speed range of the machine was also presented. Apart from contributing towards
improved transient performance in the high speed region and assisting faster fault
isolation, it is found that IPMSM with dampers can mitigate the issue of saliency during
integrate charging employing IPMSMs. However, in the investigation conducted,
dampers were designed to have the same resistance and inductance in both d- and q-axis.
Use of special dampers with dissimilar resistances and inductances in both d- and q-axis
can mitigate the issue of saliency completely. It was also seen that during integrated
charging, damper bar losses can be comparable to stator copper loss and hence proper
cooling mechanism is necessary to keep the temperature under limits during integrated
charging. Moreover, an IPMSM with damper can be designed to yield similar traction
characteristics similar to the conventional IPMSM with minimal decrease in efficiency
due to the additional damper bar loss as a result of harmonics in the distributed winding
machine. An optimized IPMSM with damper design is feasible to yield similar traction
performance as the conventional IPMSM.
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Chapter 6
Modelling and Design of 6-Phase IPMSM
for Integrated Charging and Direct-Drive
Applications
6.1. Introduction
Detailing on 6-phase interior permanent magnet synchronous machines (IPMSMs), as
will be apparent from the torque equation for such machines, developed and presented
later in this chapter, keeping the same PM flux linkage, d-axis and q-axis inductance and
number of poles in both 3-phase and 6-phase IPMSMs, comparatively significant
improvement in torque production can be obtained in 6-phase IPMSMs. This was one of
the reasons to investigate 6-phase machines in this dissertation apart from their fault
tolerance feature, reduced per-phase rating, lesser torque ripple etc., when compared to
their 3-phase counterparts [1], [2]. However, after understanding the challenges in using
surface permanent magnet (SPM) machines and interior permanent magnet (IPM)
machines for integrated charging and direct-drive traction through the discussions in
previous chapters, extending the novel machine design approach proposed for 3-phase
IPMSMs, this chapter presents a novel design approach to design 6-phase PM machines
which can: 1) Deliver traction output characteristics similar to that of the 3-phase PM
machines under the same frame size and rated current; 2) Improve the minimum magnet
operating point during integrated charging when SPM machine type is used; 3) Reduce
torque oscillations in IPM and SPM machines when used for integrated charging; 4)
Benefit low voltage DC bus technology in EV which is evolving [3]; and 5) Reduce
electrical and magnet loss in IPM and SPM machines when used for integrated charging.
The objective here was to design a 6-phase machine scheme which is favourable for both
traction and integarted charging. Although, this chapter mainly concentrates on 6-phase
distirbuted winding IPMSMs, it is understood that the equations and concepts discussed
can be applied to 6-phase distributed winding SPM machines as well, considering the the
d-axis and q-axis inductances are equal in an SPM machine until rated condition.
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Firstly, this chapter presents the detailed approach taken in modelling a 6-phase
IPMSM and arriving at the dq inductance matrix and torque equations. Thereafter,
optimum power capability equation for a 6-phase IPMSM is derived based on maximum
torque per ampere theory (MTPA). Based on the MTPA theory, following the bottom-up
machine design procedure proposed for 3-phase IPMSMs, this chapter proposes a 6phase IPMSM design approach which enables the designer to design the machine with:
a) a desired constant torque region; b) desired reluctance torque percentage; c) a desired
constant power region which is required for a direct-drive motor unlike in IPMSMs
designed for hybrid or conventional electric vehicles which require maximum or
extended flux-weakening regions; and d) optimal current angle. The mathematical model
developed and design approach proposed is validated using: a) electromagnetic models of
6-phase IPMSM in conjunction with finite element analysis (FEA) and; b) prototype
machine built.

6.2. Mathematical Modelling of 6-Phase Interior Permanent Magnet
Synchronous Machines Employing dq-axis Theory
Mathematical model of the 6-phase IPMSM employing the dq axis theory has been
developed in this section using which the MTPA theory and machine design
methodology for 6-phase IPMSM has been explained in detail in subsequent sections.
The 6-phase machine configuration taken into consideration while modeling the machine
is shown in Fig. 6.1. Motoring mode of the machine is assumed positive and the machine
is analyzed in the Park’s rotor reference frame [4].

6.2.1. Derivation of the Inductance Matrix and Torque Equations for 6phase IPMSM
Initially, an inductance matrix for the 6-phase PMSM in “a-b-c frame” was derived
involving leakage inductances, self and mutual inductances for all the six phases using
MMF and flux linkage equations. Step-by-step procedure employed in deriving the
inductance equations is provided in the Appendix A.

Employing the Park’s

transformation matrix for 6-phase as in (6.1), the d- and q-axis inductances, with symbols
having their usual meaning, can be written as in (6.2) - (6.5). The corresponding d- and qaxis flux linkage matrix can be obtained as in (6.6).
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Fig. 6.1. 6-phase IPMSM stator phase configuration considered in this chapter for mathematical modeling.

(6.1)

Ld  Lls  3 L A  3 LB
2
2

(6.2)

Lq  Lls  3 L A  3 LB
2
2

(6.3)

Lmd  3 L A  3 LB
2
2

(6.4)

Lmq  3 L A  3 LB
2
2

(6.5)

Where, Ld and Lmd are the d-axis total and magnetizing inductances respectively and Lq
and Lmq are the q-axis total and magnetizing inductances respectively. Lls is the stator
leakage inductance and LA and LB are the DC and “saliency-representing” rotating
components of phase inductances [4].
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(6.6)

Where, subscripts 1 and 2 in various d- and q-axis quantities correspond to two threephase sets ABC phases and XYZ phases respectively. λm is the peak of the open-circuit
permanent magnet flux linkage of any armature phase in the machine. The insignificant
mutual leakage flux between the two sets of 3-phase armature windings is neglected in
the formulation. The electromagnetic torque of the machine as in (6.7) can be derived
using the flux linkage and voltage equations [5].
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(6.7)

6.2.2. Verification of the Developed Model using Electromagnetic Model of
the 6-phase IPMSM in conjunction with FEA
In order to validate the developed dq axis model, a 4.7 kW, 600 rpm, 6-phase IPMSM
was designed and analyzed through FEA. Cross-section of the machine designed
employing the phase arrangement as in Fig. 6.1 is presented in Fig. 6.2. An 8-pole
machine was designed as higher number of poles was found to yield reduced endwinding resistance for the same number of slot. Such an approach of using higher number
of poles will assist reduction of copper loss due to shorter end-windings. Further details
of the machine designed are presented in Table 6.2 in section 6.5.
The designed machine was operated at various sets of operating conditions involving
different sinusoidal current excitations, speeds and gamma angles (γ), where γ is the
angle of the stator current vector referenced to q-axis.
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Fig. 6.2. Cross-section of the 6-phase IPMSM designed for FEA based verification of the mathematical
model.

(a)

(b)
Fig. 6.3. (a) Harmonic components of phase self and mutual inductances at rated condiction of 600 rpm and
11 A rms/phase and γ = 350 as predicted by FEA. (b) Developed torque of the motor designed at a rated
condition of 600 rpm, 11 A rms/phase and γ = 350 as predicted by FEA.
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TABLE 6.1
TORQUE COMPUTED BY THE DEVELOPED DQ MODEL AND FEA AT 530 RPM
L_ phases Gamma (γ) Ipeak/phase Torque [Nm] Torque [Nm]
used
[deg]
[A]
(FEA)
(dq-axis model)
Laa, Lcx
60
8
21.69
23.65
Lbb, Lby
20
3
11.19
11.13
Laa, Lax
30
5
19.15
19.24
Lyy, Lcz
40
11
47.68
49.35
Lzz, Lab
80
15.55
19.52
22.00
Lxx, Lxy
0
13
49.95
47.10

Self and mutual inductances between various phases (L_phases) were extracted from
FEA and a Fast Fourier Transform (FFT) was performed on the inductance curves in
order to obtain the inductance values Lls, LA and LB. The average torque delivered by the
machine at each of the operating conditions and the open-circuit permanent magnet flux
linkage (λm), as seen from FEA was also noted down. Values of λm, LA, LB and Lls
obtained from FEA was then incorporated into the developed dq-axis model of the 6phase IPMSM along with corresponding values of speed, γ, poles and current in order to
compute the electromagnetic torque. Figs. 6.3(a) provides the FFT results of selfinductance of phase B and mutual inductance between phases B and Y for the rated
condition of the machine. At the rated condition of 600 rpm, 11 A rms, and γ = 350, from
Lbb and Lby, Lls+LA, LA and LB were found to be 13.5 mH, 6.65 mH, and 4 mH,
respectively. Correspondingly, from FEA results, the machine was found to deliver 74.49
Nm and when calculated using the developed dq model, the torque was found to be 75.51
Nm. Corresponding torque waveform obtained from FEA is presented in Fig. 6.3 (b).
Table 6.1 presents sample operating conditions employing which the results obtained
from dq axis model was verified against that of FEA. From the results presented in this
section and numerous results obtained at different operating conditions, it is found that
the torques obtained from both FEA and dq-axis model are in close agreement.

6.3. Derivation of Optimum Power Capability Equation for a 6-Phase
Permanent Magnet Synchronous Machine
The developed dq-axis model presented in the previous section will be employed here
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to exclusively derive the optimum power capability equation based on MTPA theory
which establishes a relation between various machine parameters in order to obtain
optimal flux-weakening capability in 6-phase IPMSMs.
As per the conventional dq-axis theory: a) the machine is assumed to have sinusoidal
distributed windings and b) core loss, mechanical loss, air-gap space harmonics and
magnetic saturation are neglected. From the mathematical model presented in section 6.2,
d- and q-axis voltage equations of the 6-phase machine can be written as in (6.8) and
(6.9) assuming that three phase balanced “30 degree time-phase displaced” currents are
fed through the two symmetrical “30 degree electrical space-phase displaced” three-phase
stator winding sets, such that id1=id2=id, iq1=iq2=iq, vd1=vd2=vd and vq1=vq2=vq. The
torque equation can be written as in (6.10).



vd  rs  pLd id  Lmd pid   Lq iq  Lmq iq









vq  rs  pLq iq  Lmq piq   Ld id  Lmd id   m



Te  6P  m i q  2( Ld  Lq )i d i q
4



(6.8)



(6.9)
(6.10)

Where, p is the differential operator, P is the number of poles,  is the electrical speed in
rad/sec. Again, 1) considering steady state operation of the machine; and 2) for simplicity
of analysis, neglecting armature resistive voltage drops; the d- and q-axis voltage
equations of the six-phase machine can be written as in (6.11) and (6.12). The per phase
peak voltage Va can be written as in (6.13). Substituting (6.11) and (6.12) in (6.13) one
can arrive at (6.14).

Vq  r  m  I d (2Ld  Lls 

(6.11)



(6.12)

Vd  r I q 2Lq  Lls
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Fig. 6.4. Graphical representation of voltage ellipse and current circle with different operating modes.
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  m  I d 2 Ld  Lls   I q 2 Lq  Lls
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I a2  I d2  I q2

(6.13)



2

(6.14)
(6.15)

In the ‘Iq-Id plane’, equation (6.14) can be graphically represented through an ellipse
whose center is not at the origin and has co-ordinates of ellipse center as
  m
, 0  . The peak of current per phase (Ia) in the same plane can be

2
L

L
d
ls



graphically represented as a circle, as apparent from (6.15). The graphical representation
of the voltage and current in the form of ellipse and circle respectively is in similar lines
with the MTPA concept for three-phase IPMSMs [6]. The graphical representation is
presented in Fig. 6.4.
Concluding the MTPA theory for six-phase IPMSM, the optimum flux-weakening
condition can be written as in (6.16).
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I rms / phase 

m
2 Ld  Lls

(6.16)

6.4. Developed MTPA Theory based Machine Design Approach for a 6Phase IPMSM
The proposed design approach is a backward design approach based on the MTPA
theory that enables us to fix d- and q-axis inductances, permanent magnet flux linkage,
optimal current angle and power factor values based on the desired output performance
characteristics of the machine and then complete the structural design of the machine to
deliver the desired output performance. A per-unitization based approach has been
presented in this section employing MTPA theory equations derived in the previous
section, in an effort to generalize the machine design approach. This chapter only
considers the design of a 6-phase IPMSM with bar magnets in the rotor similar to the
design of 3-phase IPMSM explained previously in chapter 4.

6.4.1. Per-unitization of Various Electrical Parameters and Variables
The per-unitization approach presented here takes help of dq-axis model based on the
convention presented in [4]. Representing rated phase voltage as Vrms/phase and rated phase
current as Irms/phase and taking their peak values, base values of voltage and current are
written as Va_base and Ia_base. Similarly, rated value of electrical speed (r) is considered to
be the base value of electrical speed (base). Thereafter, base values of λm, impedance (Z),
inductance (L) and input power (Pi) can be written as in (6.17) - (6.20).

 m _ base 
Z base 

Va _ base

Va _ base

Lbase 

Z base

base

(6.17)

I a _ base

(6.18)

base

Pi _ base  3Va _ base I a _ base

(6.19)
(6.20)

Using the base values, at rated speed (r) when the machine is delivering the rated
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torque, voltage and current have reached their maximum limits, hence, Va_pu=1, Ia_pu=1
and _pu=1. Ia_pu in terms of Id_pu and Iq _pu can be written as in (6.21) and (6.22).

I d _ pu  I a _ pu sin 

(6.21)

I q _ pu  I a _ pu cos 

(6.22)

Similarly, Ld_pu, Lq_pu, Lls_pu, λm _pu can be computed at rated condition through the base
values in (6.17)-(6.19). From (6.20), base value of electromagnetic torque (Te) can be
written as in (6.23). Hence, per-unit values of Te and output power (P0) can be written as
in (6.24), (6.25) and (6.26) using (6.10).

Te _ base 

Pi _ base P

(6.23)

2r _ base

Te _ pu  m _ pu I q _ pu  2  Ld _ pu  Lq _ pu  I q _ pu I d _ pu 
P0 _ pu  r _ pu Te _ pu

(6.24)
(6.25)

P0 _ pu  r _ pu m _ pu I q _ pu  2  Ld _ pu  Lq _ pu  Iq _ pu Id _ pu 

(6.26)

Knowing the base values of various parameters mentioned above, Va_pu in terms of
Vq_pu and Vd_pu can be written as in (6.27) and γ in terms of pu quantities can be obtained
by maximizing Te_pu with respect to γ as in (6.28).

Va2_ pu



sin  

 
2L

 2 Lq _ pu  Lls _ pu I q _ pu

  2r _ pu 



  m _ pu  I d _ pu




2

d _ pu

 Lls _ pu





2





2

 m _ pu  2m _ pu  32 Ld _ pu  Lq _ pu I a2 _ pu



(6.27)



8 Ld _ pu  Lq _ pu I a _ pu

(6.28)

6.4.2 Machine Design Approach
At first, it is essential to know certain design targets of the machine such as rated
torque (Te), number of poles (P), rated and maximum mechanical speeds of the motor
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(Nr), (Nmax). Rated voltage of the machine (Vph_rms) can be fixed based on the DC link
voltage availability.
For a typical direct-drive vehicle, design of the constant power region does not follow
that of the typical IPMSM for conventional EV as the constant power speed ratio is
limited to a value less than 5. This is found to be a condition in the flux-weakening region
where output power becomes zero when Va_pu and Ia_pu are found to be 1 pu. At this zero
power condition Iq_pu ideally becomes zero and hence Id_pu ideally becomes -1 pu. Hence,
the speed at which the output power goes to zero (max_pu) can be computed from (6.27)
forcing Iq_pu=0, Id_pu=-1 pu, Va_pu=1 and Ia_pu=1. max_pu can be derived as in (6.29).
Knowing Nmax, max_pu can be calculated. It was also found that the speed at which the
constant power curve drops below the rated power value in the flux-weakening region,
can be estimated by forcing Va_pu=1, and Id_pu to a value between -0.9 pu and 0.995 pu
depending on the inductance values.

max_ pu 



Va _ pu

 m _ pu  2 Ld _ pu  Lls _ pu



(6.29)

Assuming a value for Lls_pu between 13% to 26% of Ld_pu is found to be a reasonable
assumption [7]. Hence, at this point, knowing max_pu and Va_pu=1 at rated condition, the
designer has to choose a value of λm_pu less than 1 in order to find out the value of Ld_pu
using (6.29). Choosing such a value of λm_pu and hence finding Ld_pu will ensure that the
machine is designed for a desired flux-weakening region.
Knowing Ld_pu and Ia_pu=1 at rated condition, using (6.24), Lq_pu can be computed fixing
a particular value for (Ld_pu- Lq_pu) based on the desired reluctance torque percentage out
of the total Te.
Phasor diagram of the 6-phase IPMSM taken into consideration in this paper is
presented in Fig. 6.5. Once values of λm_pu, Ld_pu, Lls_pu and Lq_pu have been chosen or
calculated as explained above, γ at rated condition when Ia_pu = 1, can be calculated from
(6.28). Knowing the value of γ, the angle between the applied voltage and back-emf
phasor (), can be calculated from Vd_pu and Vq_pu in (6.27). From the phasor diagram in
Fig. 6.5, knowing γand  angle between the applied voltage and current phasor (can
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be calculated.
Once the parameters λm_pu, Ld_pu, Lls_pu and Lq_pu have been fixed based on the
designers requirements and found to yield satisfactory performance in terms of optimal γ
and , pu and base quantities of various parameters can be employed to obtain their
actual values. Assuming a particular rated efficiency, rated power output of the machine
can be calculated. Thereafter, desired value of rated current of the machine (Irms/phase) can
be calculated from the power input equation as in (6.30).



Pin  2 3Vrms / phase I rms / phase cos 



(6.30)

Thus, the above-mentioned approach indirectly fixes the specific magnetic loading and
specific electric loading of the machine to be designed. Following the approach presented
above, a 6-phase IPMSM can be designed to obtain desired constant torque region,
constant power region, reluctance torque and synchronous torque percentages of total
torque, optimal γ and  values.
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Fig. 6.5. Phasor diagram of the 6-phase IPMSM considered.

6.4.3. Structural and Winding Design Aspects of the Machine
Firstly, number of slots in the stator has to be fixed to find the slot/pole/phase ratio.
Also the winding layout details such as coil span and number of layers have to be
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considered in order to calculate the angular slot pitch and hence, the fundamental winding
factor kw1 [8], [9]. An air-gap length (g0) for IPMSMs has to be initially assumed. The
authors have found that an air-gap of approximately 0.5 mm would be sufficient for the
direct-drive motor considering flux-weakening requirement for a low speed range when
compared to the IPMSMs for regular electrified vehicles [10]. In order to improve the
accuracy of structural design approach the effective air-gap length can be calculated
incorporating Carters Coefficient (Kc) [11]. The average flux density per pole (Bav) or
open-circuit air-gap flux density (Bg0) and the mechanical pole embrace (α) ie. pole
pitch/pole arc ratio also have to be assumed. A typical value of Bav for IPMSM in
electrified vehicles is found to be 0.7 T and embrace to be a value between 0.85 and 0.95
[7]. Actual values of λm, Ld , Lq, Lmd, Lmq can be obtained from section 6.4.1 using
corresponding base and per-unit values.
Knowing all the aforementioned parameters, the effective turns per phase (Tph) and
product of stator bore diameter (D) and stack length (Lst) can be calculated using (6.31) –
(6.33).

m 

2k w1T ph K f Bav DLst
P

Lmq 

La 

La

K sq





(6.31)

(6.32)

2

6 0 k w1T ph DLst
P 2 K c g 0

(6.33)

where, Kf is the ratio between the amplitude of the fundamental wave and the average
value under one pole-pitch () of the air-gap flux density. It can be approximated to be
4/for IPMSM. Ksq is the q-axis saturation factor. After obtaining the DLst product, D
and Lst can be separately calculated using (6.34).

K

Lst
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(6.34)

where, K can range between 1.1 and 1.5 [10]. Using Lst, D and Tph, thickness of the
magnet (gm) can be obtained from (6.35) and (6.36), width of the magnet (hm) can be
obtained from (6.37) thereafter.

La K ad
K sd

(6.35)

Kc g0
g
Kc g0  m

(6.36)

Lmd 
K ad 

Bg 0 

2 r

Br
2 K g K
D
 r c 0 d0
2 K PM Phm
gm

(6.37)

where Ksd is the d-axis saturation coefficient usually between 1.1-1.3 [7] and µr is the
relative permeability of the permanent magnet used in the IPMSM rotor. KPM is the
permanent magnet leakage coefficient usually 0.9 for IPMSM, if the magnets are placed
very close to the circumference of the rotor [7]. Br is the remanent magnet flux density.
Kd0 is the d-axis saturation factor for open-circuit condition usually between 1.1 - 1.3 [7].

6.4.4 Analysis of the Per-unitized Equations for Optimal Parameter
Considerations
The per-unit equations provided in section 6.4.1 have been analyzed here in order to
understand the limits of various parameters and variables such as Ld, Lq, λm and their
effect on the output power, reluctance torque component, gamma angle, maximum speed
and hence, the constant power speed range of a 6-phase IPMSM. The analysis performed
here is expected to assist the machine designer to choose optimal values of Ld, Lq, λm
while employing the design procedure explained in section 6.4.2.
As per equations (6.16), (6.27) and (6.29) maximum speed where the power becomes
zero (max) in the flux-weakening region depends on the per-unit values of Ld and λm
assuming that Ia_pu, r_pu, Va_pu are equal to unity and Lls_pu=0.2 Ld_pu as per [7].
Moreover, as explained in section 6.4.2, Ld and λm also play a role in determine the CPSR
of the machine.
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(a)

(b)
Fig. 6.6. λm and Ld as a function of max in per-unit quantities. (a) λm vs. max as a function of changing Ld
(b) Ld vs. max as a function of changing λm.

(a)
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(b)
Fig. 6.7. γ and output power as a function of Lq-Ld and λm in per-unit quantities where λm is varied between
0.1 and 1 pu at periodic steps of 0.1 pu. (a) γ vs. Lq-Ld. (b) Output power vs. Lq-Ld.

Fig. 6.6 (a) shows the variation of max_pu with λm_pu for varying Ld_pu values. Fig. 6.6
(b) shows the variation of max with Ld_pu for varying λm_pu corresponding to Fig. 6.6 (a).
max_pu has been plotted between 1 and 12, however, such a range may not be necessary
for a typical direct-drive vehicle. It is plotted to provide insight to the reader. Fig. 6.6 (a)
and (b) will assist the designer choose optimal values of λm_pu and Ld_pu depending on the
desired max_pu. It can be seen from Figs. 6.6(a) and (b) that the maximum limit of Ld_pu is
found to be just above 0.5 pu with λm_pu reaching the maximum limit of 1 pu. Fig. 6.7(a)
and (b) show the variation of gamma angle and power output as a function of varying
Lq_pu-Ld_pu and λm_pu, respectively.
After fixing up the Ld_pu and λm_pu values based on max_pu, Lq_pu can be chosen to obtain
an optimal current vector’s angle, γ, and output power based on Figs. 6.7(a) and (b).
This will also indirectly fix up the reluctance torque component of the overall torque to
be delivered by the machine. Figs. 6.7(a) and (b) have been plotted considering a
maximum saliency ratio (Lq/Ld) to be 3 pu with maximum Ld to be 0.5 pu.

6.5. Validation of the Proposed Approach through Electromagnetic
Model and Finite Element Analysis
The proposed design methodology in section 6.4 is validated in this section using an
electromagnetic model of the machine in conjunction with FEA. The 6-phase machine
was designed employing an existing stator available at the laboratory. The stator of the 3122

phase machine prototyped in chapter 4 and this 6-phase machine are the same with 48
slots, same slot and overall dimensions with only difference being the winding
configuration. The 3-phase machine had 224 turns/phase, 8 poles and a slot/phase/pole of
2, whereas the 6-phase machine has 112 turns/phase, 8 poles and a slot/phase/pole of 1.
Rated phase currents of both the machines are the same and the 6-phase machine uses
same rotor like that of the 3-phase machine which was prototyped and shown in chapter
4. Hence, the FEA based design of the 6-phase stator was implemented by rewinding the
existing stator with double layer distributed winding, coil span of 6 and a slot fill factor
of 60%. A tighter and smaller end-winding length was achieved when compared to
existing stators in the laboratory. The rated speed of the down-scaled machine is 600 rpm
which corresponds to nearly 65 km/hr for a direct-drive vehicle having a 16 inch tire.
Winding configuration of the 48 slot, 8 poles 6-phase machine is as shown in Fig. 6.2
The machine designed was operated at different γ angles at rated speed of 600 rpm
with a constant current of 15.55 A which is the peak current/phase (Ia) of the motor. Fig.
6.8 shows the torque delivered by motor as a function of varying γ angles. It can be seen
that the motor delivers the rated torque at a γ angle near 30 deg.
Various structural details and parameters of the machine obtained from FEA are listed
in Table 6.2. The output parameters and equivalent circuit parameters were obtained by
operating the machine under constant sinusoidal current excitation Ia=15.55A peak/phase,
rated speed=600 rpm and γ=300 deg. This also resulted in an induced voltage of 78.5

Torque [Nm]

Vrms/phase neglecting end-winding resistance and end-winding leakage inductance.
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Fig. 6.8. Torque delivered by the motor as a function of varying gamma (γ) values at rated speed and rated
current obtained from FEA.
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TABLE 6.2
STRUCTURAL DETAILS AND PARAMETERS OF THE 6-PHASE MACHINE
P0
Nr
Slots
Nmax
Rs
Irms/phase
Tph
L
D
kw1
Br

4.7 kW
Lls
6.9 mH
600 rpm
Ld
11.6 mH
48
Lq
22.4 mH
6,560 rpm
λm 0.3014 Wb.T
0.55 Ohms g0
0.5 mm
11 A
Kc
1.5
112
gm
3.81 mm
0.136 mm
hm
25.4 mm
0.134 mm Magnet NdFeB35
1
P
8
1T
µr
1.25

Fig. 6.9 (a) and (b) presents the torque-speed curve and the power-speed curve of the
machine under both constant torque and constant power regions. These curves were
plotted with the help of MTPA equations explained in section 6.4 and actual values of
various parameters obtained from FEA. As seen from Figs. 6.9 (a) and (b), a rated torque
of nearly 75 Nm at rated speed of 600 rpm can be obtained. Moreover, neglecting
saturation, end-winding inductance and stator resistance, the output power tends to
become zero at a speed closer to 6500 rpm in the flux-weakening region. The constant
power can be maintained until 4400 rpm which is a CPSR of 7.3. However, it was found
that the constant voltage limit (Vrms/phase) for MTPA had to maintained at 92 V in order to
provide the same power and speed as found in the FEA results.

(a)
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(b)
Fig. 6.9. Torque and output power (P0) profiles as a function of speed under constant torque and fluxweakening regions at MTPA limits Vrms/phase=78.5 V and Irms/phase=11 A for the 6-phase IPMSM under
consideration. (a) Torque vs. speed. (b) Output power vs. speed.

TABLE 6.3
BASE AND PU QUANTITIES CALCULATED FOR THE MACHINE DESIGNED
γ
Ia_base
Ia_pu
L_base
Ld_pu
Lls_pu

31.17 deg Va_base 130.62 V
15.55 A Va_pu
1
1
Zbase 8.39 Ohm
0.0337 H Id_pu
-0.51
0.3447
Iq_pu
0.85
0.2050 max_pu 10.93

λm_base 0.52 Wb.T
λm_pu 0.57 Wb.T
Pbase
6095 W
1
r_pu
Lq_pu
0.6656
base 249.52 rad/s

In order to verify and analyze the per-unit based design approach stated in section 6.4,
various design details and parameters as listed in Table 6.2, were also employed to
calculate corresponding base and per-unit values using equations as explained in section
6.4. The per-unit values were employed to find out the γ angle and max_pu using (6.28)
and (6.29). A γ angle of 31.17o and max_pu of 10.93 was obtained. Moreover, Figs.
6.10(a) and (b) illustrate the per-unit terminal voltage and output power values as a
function of γ for the machine under consideration at 1 pu current.
The graphs were plotted for varying r_pu values from 0 to 2.5 pu at intervals of 0.25 pu.
It can be seen from Fig. 6.10(a) that at r=1 pu and Va =1 pu, γ is just above 30o and
correspondingly from Fig. 6.10(b) it can be seen that the P0_pu is just over 0.77 pu. The
P0_pu of 0.77 pu closely tallies with the 4.7 kW of power output from the machine as seen
from FEA results. Small discrepancy in the power and voltage level can be attributed to
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various loss components not considered in the design approach but can be taken care of at
proper design stages assuming certain percentages.

(a)

(b)
Fig. 6.10. Voltage and power output curves for the machine under consideration as a function of gamma
angle (γ) in terms of per-unit quantities for changing rated speed from 0 pu to 2.5 pu in steps of 0.25 pu and
1 pu current. (a) Voltage vs. γ. (b) Output power vs. γ.

Figure 6.11 shows the open-circuit air-gap flux density curve of the motor designed.
The authors would like to emphasize that the equations provided in section 6.4.3 are
under the assumption that the open circuit air-gap flux density is a square wave. As it can
be seen from Fig. 6.11, the air-gap flux density waveform might not be a square wave in
practical cases but a trapezoidal wave. Hence, for validation, Bav was calculated from the
area of trapezoid which equals the product of Bav and pole pitch. This idea has been
generalized and Bav has been incorporated in equation (6.31) instead of αBg0 for an
accurate design methodology.
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Fig. 6.11. Open-circuit air-gap flux density waveform elicited from FEA for the machine under
consideration.

In order to validate structural design of the machine, structural design data extracted
from FEA as listed in Table 6.2 was employed to calculate the turns/phase and DLst
product as explained in (6.31)-(6.33). With a Bav of 0.6 T, the turns per phase and DLst
product were calculated to be 98 and 0.016 sq.m respectively when compared to 112 and
0.018 sq.m as in the machine.
Designing an optimized machine to deliver exact output characteristics and superior
performance for a typical direct-drive vehicle is set as a future work.

6.6. Improvement in Magnet Operating Point, Losses and Oscillating
Torque during Integrated Charging through a 6-phase Configuration
Building on the existing 3-phase machines, 6-phase SPM and IPM machines were
designed to: 1) cater to similar traction output characteristics with the same stator and
respective rotors that were used in chapters 3 and 4 using similar current and voltage
limits as in their 3-phase counterparts; and 2) mitigate issues during IC operation as
mentioned above. This enables comparative performance analysis of 3-phase and 6-phase
machines with the similar rotors and stators with only difference in their winding
configurations and inverter topologies. Phase arrangement and the winding distribution of
the six-phase configuration are presented in Figs. 6.1 and 6.2. Figs. 6.12 (a) and (b) show
both traction and integrated charging scheme considered for which the 6-phase machine
is designed.
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Fig. 6.12. Overall system schematic including the 6-phase machine during traction and integrated charging.
(a) Traction. (b) Integrated charging.

Retaining 48 slots and 8 poles, the six-phase machines have a slot/pole/phase value of
1 when compared to its three-phase counterpart having 2. Moreover, the number of
turns/phase is halved from 224 to 112 keeping the same slot fill factor of 60% and wire
gauge of 15AWG in order to accommodate all six phases/pole and yet keep the peak
current rating to 15.55A/phase. This ensures that a rated torque similar to that of the
three-phase machine can be obtained when all six phases are excited during traction
operation according to the six-phase PMSM torque equation (6.38). As in chapter 3, the
turns/phase has to be increased in the SPM machine to obtain a rated torque equal to that
of the IPM machine. However, the turns/phase are taken to be equal in both the machines
and analyzed hereafter in this section.
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Where, subscripts 1 and 2 in various d- and q-axis quantities correspond to two threephase sets ABC phases and XYZ phases respectively. The d-axis and q-axis current in one
three-phase set are considered to be equal to that of the other three-phase set here. λm is
the peak of the open-circuit permanent magnet flux linkage of any armature phase in the
machine. Ld and Lmd are the d-axis total and magnetizing inductances and Lq and Lmq are
the q-axis total and magnetizing inductances respectively. Ld = Lq in the SPMSM.
Using the same rotors as that of the three-phase machines, such six-phase machines
will also require lesser DC bus voltage during traction as the voltage limit to cater to the
rated and maximum speed will be lesser than that of the three-phase machines.
Otherwise, the three-phase machine equivalent rated voltage of 275 VLL rms will yield
higher rated speed, rated power and wider constant power region due to the reduced
turns/phase or permanent magnet flux linkage value.
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Fig. 6.13. Electromagnetic torque and magnet operation in both SPMSM and IPMSM at 11 A rms/phase,
60 Hz sinusoidal 3-phase current during IC operation. (a) Electromagnetic torque in IPMSM and SPMSM
during IC. (b) Minimum magnet operating point on the B-H characteristics of PM in both machines.

The only disadvantage of such a six-phase topology is that the inverter has to be
provided with three more legs containing two switches each of similar rating as that of
the three-phase inverter when compared to conventional six-phase machine where the
ratings of the switches are halved in each leg of the inverter.
During IC, since only three-phases are excited, the effective turns/phase decreases
while still conducting a peak current of 15.55 A/phase. As a result, when compared to the
three-phase machines, peak magnitude of the oscillating torque decreases due to the
reduced torque producing capability of each of the six phases. This also leads to
improved magnet operating point according to investigations performed in chapter 3.
Figs. 6.13 (a) and (b) show the electromagnetic torque in 6- phase IPMSM and SPMSM
during IC, and the minimum magnet operating point on the B-H characteristics of PM in
both machines.
Tables 6.4 and 6.5 present the average values of various electrical and magnet losses in
the respective 6-phase and 3-phase machines during IC operation under a peak current of
15.55 A/phase and 60 Hz. When compared to the loss values in Table 6.5, since the perphase stator winding resistances in the 6-phase machines have decreased to nearly half of
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that of the three-phase machines, copper loss reduced during IC operation. It has to be
noted here that the turns/phase in both the 6-phase IPM and SPM machines could be kept
the same, as the 6-phase configuration considered here assists the SPM machine to extend
its constant power region to the desired value during traction operation.
TABLE 6.4
COMPUTED ELECTRICAL LOSS DATA OF BOTH 6-PHASE SPMSM AND IPMSM UNDER
SINUSOIDAL EXCITATION OF 11 A RMS/PHASE
Average Electrical and Magnetic Losses
Total Core Loss (Steel) [W]
Total Hysteresis Loss (Steel) [W]
Total Eddy Current Loss (Steel) [W]
Average Magnet Loss [W]
Stator Copper Loss [W]

Integrated Charging
IPM
SPM
13.0
5.20
11.2
4.60
1.80
0.60
3.50
30.2
200
200

TABLE 6.5
COMPUTED ELECTRICAL LOSS DATA OF BOTH 3-PHASE SPMSM AND IPMSM UNDER
SINUSOIDAL EXCITATION OF 11 A RMS/PHASE (CHAPTER 3)
Integrated Charging
IPM
SPM
Total Hysteresis Loss (Steel) [W]
24.0
12.0
Rotor Hysteresis Loss (Steel) [W]
5.84
2.0
Total Eddy Current Loss (Steel) [W]
4.40
1.54
Rotor Eddy Current Loss (Steel) [W]
1.38
0.27
Average Magnet Loss [W]
11.00
110.0
Stator Copper Loss [W]
363.0
421.0
Electrical and Magnetic Losses

Reduced core and magnet losses in the 6-phase machine can be attributed to reduced
rate of change of air-gap flux density in both the 6-phase machines [12], [13]. The air-gap
flux density waveforms for 3-phase and 6-phase IPM and SPM machines under
integrated charging condition are show in Fig. 6.14. These waveforms were elicited at a
condition when the rotor was standstill and 60Hz, 11A rms/phase currents were flowing
through all three phases in 3-phase machines and only one set of three-phases in 6-phase
machines during IC operation. It has to be noted that the 3-phase and 6-phase SPM
machines used in these investigations have an air-gap of 0.75 mm between the surface of
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magnet and stator inner diameter without incorporating banding thickness considering the
low speed requirement of the direct-drive EV.
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3-phase SPMSM
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Fig. 6.14. Air-gap flux density waveforms for 3-phase and 6-phase IPM and SPM machines under
integrated charging condition when the rotor was standstill and 60Hz, 11A rms/phase currents were flowing
through all three phases in 3-phase machines and only one set of three-phases in 6-phase machines.

Rewinding 6-phases

Complete re-wound Stator
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Assembled rotor

NdFeB 35 Magnets

Fig. 6.15. Various steps involved in prototyping the 6-phase IPMSM designed and analyzed in this chapter.

6.7. Prototype Development Stages towards 6-Phase IPMSM
The 6-phase IPMSM designed was also prototyped. Fig. 6.15 shows various stages of
stator and rotor development. Fig. 6.16 shows the insertion of PM rotor into the 6-phase
stator at the University of Windsor and the test bench employed to test the 6-phase
machine against a programmable dynamometer for steady-state performance, transient
performance and circuit parameters.

PM rotor insertion into stator

Complete 6-phase IPMSM
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6-phase IPMSM under testing
Fig. 6.16. IPM rotor being inserted in to the 6-phase stator and test setup employed for testing the
assembled 6-phase IPMSM.

6.8. Experimental Validation of the Designed and Prototyped 6-Phase
IPMSM
Calculated Phase A Voltage [V]
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Fig. 6.17. Measured and calculated back EMF (phase voltages) waveforms at 1,500 rpm when the machine
was driven by a prime mover. (neutrals shorted together)

The designed 6-phase machine stator was prototyped and the permanent magnet rotor
from the 3-phase IPMSM prototyped before was inserted into the 6-phase stator. The 6phase IPMSM was then driven by a prime mover and open-circuit voltage across the
stator terminal of both the 3-phase sets was measured. Fig. 6.17 shows the measured and
calculated back EMF (phase voltages) waveforms at 1,500 rpm obtained from
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experiments and FEA for Phases A and X corresponding to both the 3-phase sets. It can
be seen that the designed machine yields a back-emf waveform very close when
compared with the measured waveform. Fig. 6.18 shows the measured open-circuit line
voltages between a-b phases and x-y phases when the machine was driven by a prime
mover at 1,500 rpm. Corresponding harmonic spectrums of the phase and line voltages
are shown in Figs. 6.19 (a) and (b). It can be seen that 5th and 7th harmonic in addition to
triplen harmonics exist due to a coil span of 6 and no chording. However, triplen
harmonics are eliminated in the line voltage. The harmonics produced will contribute
some torque ripple in the machine.

Fig. 6.18. Measured back EMF (line voltage) waveforms of Phase A and Phase X from at 1,500 rpm when
the machine was driven by a prime mover. (neutrals shorted together)

(a)
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(b)
Fig. 6.19. Measured harmonic spectrum of open-circuit phase voltage and line voltage at 1,500 rpm when
the machine was driven by a prime mover. (a) Phase voltage. (b) Line voltage. (neutrals shorted together)

6.9. Conclusions
This chapter presented investigations conducted using 6-phase PM machines for
direct-drive and integrated charging applications. Firstly, this chapter presented the
developed mathematical model of a 6-phase IPMSM and verified the model with FEA
based design and analysis of a laboratory 6-phase IPMSM. Detailed approach taken in
modelling a 6-phase IPMSM and arriving at the dq inductance matrix and torque
equations are presented in the Appendix. Results obtained using the mathematical model
and electromagnetic model of the 6-phase IPMSM were in close agreement. Thereafter,
optimum power capability equation for a 6-phase IPMSM was derived based on
maximum torque per ampere theory (MTPA). Based on the MTPA theory, following the
bottom-up machine design procedure that was proposed for 3-phase IPMSMs, this
chapter proposed a 6-phase IPMSM design approach. The design approach was utilized
to design a 6-phase IPMSM that would be favorable for mitigating challenges in both
traction and integrated charging.
The developed 6-phase IPMSM design approach was also validated using an
electromagnetic model of the machine and an experimental prototype of the designed 6phase machine. Using the existing stator and rotor of a 3-phase PM machine and
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additional six switches in the inverter, the 6-phase machine topology could deliver output
perfromance similar to that of the 3-phase IPM and SPM machine types during traction,
yield improvement in the minimum magnet operating point during integrated charging
when SPM machine type is used, yield reduction of torque oscillations in IPM and SPM
machines when used for integrated charging, yield reduction of electrical and magnet
losses in IPM and SPM machines when used for integrated charging and favours low
voltage DC bus technology in EV due to the low machine rated voltage requirement.
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Chapter 7
Design Approach Incorporating MTPA and
Winding Function Theories for On-board
Direct-Drive Surface PM Machines with
Concentrated Windings in EVs
7.1. Introduction
This chapter presents the design of the direct-drive PM motor using fractional slot
concentrated winding (FSCW) topology in the stator and surface permanent magnets
(SPM) in the rotor in order to meet the direct-drive motor design targets specified in
chapter 2. A novel bottom-up approach based on maximum-torque-per-ampere (MTPA)
control and winding function theories of PM machines is proposed to design an on-board
direct-drive surface permanent magnet (PM) machine with fractional-slot concentratedwindings in the stator. A typical 3-phase direct-drive motor is designed employing the
proposed approach and its performance is analyzed using its electromagnetic model in
conjunction with finite element analysis and MTPA control scheme over the entire speed
range of the motor. Furthermore, a comparative performance analysis between 6-phase
and 3-phase FSCW SPM machines is conducted in an effort to increase torque density,
reduce space harmonics, magnet and core losses. Comparative analysis of results
obtained from analytical calculations and finite element analysis is performed. Results are
discussed in detail to show that that the proposed direct-drive scheme in EV is worth
studying and the machine designed can be improved in order to obtain efficiency
improvement in an EV drivetrain system and hence extend the driving range of EV.
Chapters 3-6 in this dissertation investigated distributed winding interior and surface
permanent magnet machines with 48 slots and 8 poles for direct-drive and integrated
charging applications. However: a) 48 slots and 8 poles combination led to higher torque
ripple and cogging torque; b) the end-windings in the distributed winding configuration
added extra weight to the machine and increased copper loss; c) Moreover, it was tedious
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to obtain a design of high torque density out of the SPM machine as well as desired
constant power region without compromising on other performance characteristics of the
machine.
Concentrated winding machines which were unpopular due to a poor torque to
magneto-motive force (MMF) ratio are also being given focus as Cros and Viarouge [1],
Magnussen and Sadarangani [2] proved that by an appropriate choice of slot and pole
combination, the winding factor can be significantly increased, thus increasing output
torque. Different slot/pole combinations were explored and a method to choose optimal
slot pole combinations to arrive at high torque density, low torque ripple, low cogging
torque, high winding factor has been derived [3]. Concentrated winding PM machines are
found to be one of the contenders for EV application due to the extended flux-weakening
capability and shorter end-turns and hence, lesser copper loss and weight when compared
to distributed winding machine [4]. However, despite these advantages these machines
are found to be rich in harmonics and cause higher magnet losses and core losses which
can also influence PM demagnetization [5]. The harmonics present in the MMF
contribute to the leakage inductances which provide the extended constant power region
by increasing the d-axis inductance but the saliency feature in an interior PM machine is
drastically minimized. Moreover, determining the various leakage inductance
components in these machines is found to be tedious due to the presence of harmonics.
Hence, research conducted in [5] – [7] provide techniques to reduce magnet eddy current
loss, determine various inductance components and increase saliency [X].
FSCW configuration in the PM machine with 36 slots and 30 poles is optimally chosen
in this chapter based on the following: 1) Higher number of poles reduces stator and rotor
back iron length [8]; 2) Shorter end-winding length of concentrated windings adds to the
desired lesser material consumption weight and copper loss in the motor as well [9]; 3)
lower cogging torque, higher torque per unit volume, lower rotor eddy current losses
compared to its counterparts as listed in [10]. However, the higher pole number will yield
higher iron losses due to a comparatively higher operating frequency.
Yet another motivation to investigate SPM motors for direct-drive applications
emerges from the fact that the SPM motor in a direct-drive vehicle will have a maximum
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speed much less than that of a SPM machine built for hybrid vehicles or conventional
electric vehicles with fixed gear box. The constant power operation in a FSCW SPM
machine can be easily achieved for direct-drive application when compared to a
distributed winding SPM machine configuration investigated in chapter 3 [11]. The fact
that the maximum speed of the motor is limited for this application, favors the
construction of the SPM rotor whose mechanical integrity is feared to be poor in very
high speed operation. Furthermore, the near-sine emf that can be obtained in a SPM
machine when compared to the interior PM machine due the magnets position in both the
machines is yet another reason for interest in investigating SPM machines for direct-drive
application in an effort to mitigate some of the challenges in realizing direct-drive
motors.
Such an SPM machine with 36/30 combination has also been designed, prototyped and
tested for high speeds up to 6000 rpm in [8] and found to provide lower torque ripple and
cogging torque. Although, the FSCW machine is rich in harmonics, it is expected that
frequency induced loss components can be mitigated through proper design of the directdrive machine due to its lower maximum speed operation when compared to that of a
high speed traction machine.

7.2. Proposed Bottom-up Machine Design Approach for a 3-phase
Fractional-Slot Concentrated-Winding Surface Permanent Magnet
Machine
The FSCW SPM motor design approach presented in this chapter considers that the
machine will be controlled using MTPA control scheme involving equations from dqaxis theory as in [12]. It is also assumed that the total d-axis inductance (Ld) in a FSCW
SPM machine is equal to the total q-axis inductance (Lq). The proposed machine design
approach has two parts, namely: a) Parametric design - MTPA theory based approach
will be employed to design various equivalent circuit parameters in order to yield desired
output characteristics of the machine; and b) Structural design - Winding function theory
based approach will be used to design the structure of the machine against the desired
parameters in an effort to satisfy the desired output characteristics of the machine.
[13] – [15] explain the MTPA theory for synchronous machines in an effort to
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understand the machines output performance under different values of circuit parameters
and develop a control scheme. Also, [16] and [17] present equations to analyze winding
function theory and various inductances in existing FSCW SPM machines. However, this
chapter presents a novel machine design approach proposed based on the MTPA and
winding function theory to design a FSCW SPM machine, only whose desired output
characteristics are known. The proposed design approach based on closed form analytical
equations can be employed to obtain a preliminary design of the machine before
employing the electromagnetic design and analysis-based approach for updating or
optimizing the machine design for improved performance characteristics.
In contrast with the top-bottom approach, the proposed methodology is a backward
approach which has the following steps:

7.2.1. Per-unitization of Electrical Parameters and Variables
Deriving knowledge from [13] – [15], [18], a per-unitization (pu) based approach
employing MTPA theory equations is developed here. Representing rated phase voltage
as Vrms/phase and rated phase current as Irms/phase and taking their peak values, base values
of voltage and current are written as Va_base and Ia_base. From MTPA theory, voltage-limit
ellipse equation in terms of per-unit quantities can be written as in (7.1). Vq_pu and Vd_pu
can be written as in (7.2) and (7.3). Id_pu and Iq _pu in terms of Ia_pu can be written as in
(7.4) and (7.5).
2
2
Va2_ pu  r2 _ pu  Lq _ pu I q _ pu     m _ pu  I d _ pu Ld _ pu  



(7.1)

Vd _ pu  r _ pu  Lq _ pu I q _ pu 

(7.2)

Vq _ pu  r _ pu  Ld _ pu I d _ pu  m _ pu 

(7.3)

I d _ pu  I a _ pu sin 

(7.4)

I q _ pu  I a _ pu cos 

(7.5)

Where, Lq_pu = Ld_pu and γ is the current angle which is controlled to be zero during
vector control of SPM machine in the rated torque region.
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7.2.2 Determination of Total d-axis Inductance to Obtain the Desired Fluxweakening Region
The rated torque, Te, number of poles, P, rated and maximum mechanical speeds of the
motor, Nr and Nmax, are considered as the design targets of the machine, whose values are
pre-determined. Rated voltage of the machine, Vph_rms, can be fixed based on the DC link
voltage availability.
Considering a typical direct-drive vehicle, the constant power speed ratio is limited to
a value less than 5 in this chapter, which clearly deviates from the design consideration of
an SPM for a conventional high-speed EV. This condition prevails in the flux-weakening
region where output power becomes zero. At this zero power condition, Iq_pu ideally
becomes zero and hence Id_pu ideally becomes –1.0 pu. Hence, the speed at which the
output power becomes zero, max_pu, can be computed from (7.1) forcing Iq_pu = 0, Id_pu =
–1.0 pu, Va_pu = 1.0 and Ia_pu = 1.0. max_pu can be derived as in (7.6). The max_pu can be
calculated from Nmax. It was also found that the speed at which the constant power drops
below the rated power value in the flux-weakening region can be estimated by forcing
Va_pu = 1.0, and Id_pu to a value between –0.9 pu and 0.995 pu depending on the
inductance values.
max_ pu 

Va _ pu
 m _ pu  Ld _ pu

(7.6)

Hence, at this point, knowing max_pu and Va_pu = 1.0 at rated condition, one has to
choose a value of λm_pu less than 1.0 in order to find out the value of Ld_pu using (7.1).
Choosing the value of λm_pu and hence finding Ld_pu will ensure that the machine is
designed for a desired flux-weakening region. Using the value of current angle, angle
between the applied voltage and back-emf phasor (), can be calculated from Vd_pu and
Vq_pu in (7.2) and (7.3) respectively. Knowing the values of γand  the angle between
the applied voltage and current phasor, can be calculated.

7.2.3 Calculation of Rated Current Value Based on Assumed Efficiency
Value for the Direct-drive IPMSM Considered
After obtaining actual values of various pu quantities fixed above, the rated input
power of the machine can be estimated assuming the rated efficiency and, subsequently,
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the desired value of rated current of the machine, Irms/phase, can be calculated from the
power input equation for a typical 3-phase machine. Therefore, the above steps involved
in modelling and determining various parameters of a 3-phase SPM, facilitates in
obtaining the desired constant torque region, constant power region, rated current and
power factor.

7.2.4. Calculation of d-axis Magnetizing Inductance
The total d-axis inductance (Ld) in a concentrated winding machine is a summation of
the slot leakage inductance (Ls), harmonic leakage inductance (Lh), magnetizing
inductance (Lmd) and end-winding leakage inductance (Le) [16]. Having obtained the total
Ld as required by the machine in order to satisfy constant power target in the fluxweakening region, the Lmd component which is essential for desired torque production the
in the SPM machine has to be fixed [19]. This can be fixed employing equation (7.7)
understanding that only the fundamental component permanent magnet flux linkage (λm)
contributes to torque production [5], [19].

 m  K l Lmd I peak

(7.7)

Where, Kl is the ratio of total Ld to Lmd and Ipeak is the peak of the stator per-phase current
previously determined.

7.2.5 Calculation of Magnet Thickness Incorporating Magnet
Characteristics
Values of average flux density (Bav) or the open-circuit air gap flux density (Bg0) and
mechanical pole embrace (α) are to be assumed. Typical value of Bav for SPM machines
in electric vehicles is found to be 0.82 T [20]. A nominal value for α, pole arc/pole pitch
ratio, lies within the range of 0.85 to 0.95 [19]. Considering the low-speed requirement of
direct-drive machine and the banding thickness over the permanent magnets, an air-gap
thickness (g0) of 2 mm is found to be feasible and sufficient. Assuming values of
permanent magnet leakage coefficient (KPM) and Bg0, the magnet flux density value (Bm)
can be calculated using (7.8). KPM is usually over or around 0.95 for an SPM machine,
since the magnets are placed very close to the air-gap. Thereafter, knowing the remnant
flux density of the magnet (Br) and relative permeability of the magnet (µr), thickness of
the magnet (gm) can be calculated using (7.9).
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Bm 

gm 

Bg

(7.8)

K PM

 r Bm g 0
Br  Bm

(7.9)

7.2.6. Calculation of Turns/Phase, Diameter and Length of the Machine
Incorporating d- and q-axis Magnetic Saturation
Knowing all the aforementioned parameters, the effective turns per phase (Tph), and
product of stator bore diameter (D), and stack length (Lst) can be calculated using (7.10) –
(7.13). The slot/pole/phase ratio, number of layers and winding factor kw1 are to be predetermined by fixing the number of stator slots and poles as desired [12]. This chapter
considers a double layer concentrated winding configuration in the stator due to the
reduced d-axis inductance value requirement when compared to a conventional highspeed EV machine requiring a relatively higher d-axis inductance value. This reduction in
d-axis inductance value can be achieved through reduction of leakage inductance using a
double layer configuration over the single layer configuration [16]. In order to improve
the accuracy of structural design approach the effective air-gap length can be calculated
by incorporating Carter’s Coefficient (Kc) [21].

m 

2kw1Tph K f Bav DLst
P

Lmd 

La K md
K sd

4m0  kw1Tph  DLst

(7.10)

(7.11)

2

La 

K md 

P 2 K c g0
Kc g0
g K
Kc g0  m h
2 r

(7.12)

(7.13)

where, m is the number of phases, Kf is the ratio between the amplitude of the
fundamental wave and the average value under one pole-pitch () of the air-gap flux
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density. It can be approximated to be for SPM machine. Coefficient Kh represents the
number of times flux line passes through the magnet. It is 2 for a SPM machine. Ksd is the
d-axis saturation factor. After obtaining the DLst product, D and Lst can be separately
calculated using (7.14) [20]:

K

Lst


(7.14)

where, K can range between 3 and 4 for a high-torque density low speed FSCW SPM
machine.

7.2.7 Calculation of Magnet Width Incorporating Magnet Characteristics
Once the stator inner diameter (D) is calculated using the above approach, magnet
width (Wm) can be calculated employing α, g0 and D using (7.15). Where Al is arc length
of one pole.
Wm  Al

(7.15)

The approach presented above indirectly ensures that D, Lst, Tph, gm and Wm designed
will yield desired λm and Lmd in the machine. Hence, the machine is also designed to
deliver the rated torque.

7.2.8. Determination of Combined Harmonic Leakage and Magnetizing
Inductance, and Slot Leakage Inductance based on Winding Function
Theory
The winding distribution and conduction angle for each phase can be determined for a
pre-determined stator slot pole combination. Based on winding function theory [5], the
phase self-inductance (Laa) and mutual inductance (Lab) of a SPM machine in Henry can
be represented as in (7.16) and (7.17) respectively.

Laa 

Lab 

 0 rg Lst

g0

 N a ()d

(7.16)

 N a () N b ()d

(7.17)

g0

 0 rg Lst

2

2

0

2
0
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Where, Na and Nb are winding functions of respective phases ‘A’ and ’B’ and rg is the airgap radius. Laa and Lab can be calculated using known or computed quantities µ0, D, g0,
Lst, Tph and coils/phase (Cp) from the phase distribution. The sum of Laa and Lab is
supposed to yield an equivalent inductance (Leq) which is a combination of harmonic
leakage inductance (Lh) and magnetizing inductance (Lmd) [5]. Also, a procedure given in
section 7.5 can also be used to calculate Leq from phase inductances. Since, Lmd was
previously calculated using equation (7.7), Lh can be calculated using (7.18). Similarly,
slot leakage inductance (Ls) can be approximately calculated using (7.19) ignoring endwinding leakage inductance (Le) which is negligible when compared to rest of the leakage
inductance components in a double-layer fractional-slot concentrated-winding machine
due to its short coil span in the stator.

Lh  Leq  Lmd

(7.18)

Ls  Ld  Leq

(7.19)

Moreover, in a 3-phase double layer FSCW machine, the phase mutual inductance is
generally found to be approximately 10% of the phase self-inductance [16]. Hence,
ignoring phase mutual inductance while calculating Leq is found to be acceptable for a
satisfactory preliminary machine design.

7.2.9. Design of Slot Dimensions to Obtain the Desired Slot Leakage
Inductance
Average width of slot in the center (bs) can be calculated using (7.20) employing the
previously determined Lst, D and number of slots (S) assuming the slot width to be equal
to the tooth width.

bs  D / 2S

(7.20)

Assuming a particular current density and using the calculated rms phase current rating of
the machine, area of one circular copper conductor can be calculated. A current density of
7.5 A/mm2 is found to be a practically feasible value [5]. Thereafter, assuming a specific
value for slot fill factor, height of the slot (hs) can be calculated using (7.21) employing
previously determined Tph, S and bs values.
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Fig. 7.1. Flowchart representing the proposed design approach in section 7.2.

hs  6Tph Ac / Sbs S f

(7.21)

Where, Sf is the slot fill factor and Ac is the area of one conductor. Sf value close to 75%
is found to be feasible in FSCW PM machines with a large slot opening [5]. A large slot
opening in such a direct-drive machine can be afforded due to the lesser Ld requirement
when compared to high speed machines. A trapezoidal slot with tapered tooth tips and
parallel slot openings are considered for obtaining lesser self and mutual inductances
when compared to that of the design having straight tooth tips and non-parallel slot
openings [16]. Assuming suitable values for h2, h3 and h4, slot opening width (b0) can be
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found using equation (7.22) knowing µ0, Ls, Tph, Cp, bs, hs, and Lst values that were
previously determined. Equation (7.22) represents the equivalent slot leakage inductance
for a double layer winding including permeance factors corresponding to self and mutual
slot leakage components [22].
 T ph 

Ls  4 0 Lst 
 Cp 



2

 hs h2  h3   bs  h4 



  
 3b  b   b  b  ln  b   b 
s
s
s
0
0
0







(7.22)

The design approach presented above ensures that the FSCW SPM machine has been
structurally designed to achieve specific values of Lmd, Lh, and Ls which will yield the
desired Ld to deliver the desired constant power region. A flow chart of the
aforementioned steps is presented in Fig. 7.1.

7.3. Details of the Designed Fractional Slot Concentrated Winding
36/30 Surface Permanent Magnet Direct-drive Machine
Employing the modelling and design approach presented in section 7.2, a FSCW SPM
machine with 36 slots and 30 poles has been designed for direct-drive application as
considered in this chapter to meet the targets listed in chapter 2. Figures 7.2 (a)-(c)
present the winding function, space harmonics spectrum and slot diagrams of the 36-30
FSCW machine under consideration used in the proposed design approach. Figs.7.3(a)
and (b) show the cross-sections of the SPM motor designed and flux density distribution
in the machine when it was operated to deliver 875 Nm under 165A rms/phase through
MTPA control scheme. Tables 7.1, 7.2, 7.3 and 7.4 present details used to design the
machine and results obtained from the proposed approach.
The major objective of this design effort has been to minimize the overall weight of the
motor and keep the motor plus inverter weight below or equal to the overall weight of the
motor, inverter and transmission put together. As listed in Table 7.1, one of the
challenges was to keep the stator teeth flux density below 2 T at peak torque operation.
This machine has been designed with M19 29 G which was readily available for
prototyping. However, the eddy current losses in the machine could be lowered by
employing superior electrical steel material. The advantage of such a design was the very
short back-iron length in the stator and yoke length in the rotor. The rotor yoke length is
kept a bit more than necessary to use the space to insert screws axially that would tightly
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hold the laminations together. A slot fill factor of 75% was incorporated in the FSCW
machine design with stranded circular copper conductors. Based on the author’s practical
experience a 60% slot fill factor was achievable in a double layer integral slot distributed
winding machine.
As listed in Table 7.4, weight of the machine without the shaft and casing is around
57.3 kgs. Thus the overall weight of the motor and inverter with casing and shaft will be
more than 69 kgs which is comparable to the overall weight of the motor, inverter and
transmission put together in conventional EVs. The overall dimensions and output
performance of the ma-chine designed is also comparable to other high torque machines
which are commercially available [23].

(a)
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(c)
Fig. 7.2. Winding function and slot diagrams for the 36-30 FSCW machine under consideration. (a)
Winding function diagram. (b) Space harmonics spectrum. (c) Slot diagram.

(a)
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(b)

(c)
Fig. 7.3. Cross-sections of the designed 36/30 direct-drive motor showing flux density map at rated
condition. (a) Overall schematic of the machine. (b) Slot designed. (c) Flux density distribution at rated
condition operation. (FEA)
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TABLE 7.1
STATOR DESIGN DETAILS OF THE DIRECT-DRIVE MACHINE DESIGNED
Stator Slots
Poles
Outer Diameter of Stator
Inner Diameter of Stator
Length of Stator Core
Coils/phase
Current Density
Winding factor
Stator Teeth Flux Density
Turns/phase
Number of Parallel Paths
Rated Continuous Current (rms/phase)
Slot fill factor

36
30
400 mm
320 mm
105 mm
12
7.5 A/mm2
0.933
1.7 T
84
1
165 A
75%

TABLE 7.2
ROTOR DESIGN DETAILS OF THE DIRECT-DRIVE MACHINE DESIGNED
Max. Thickness of Magnet
Width of Magnet
Type of Magnet
Air-gap with banding thickness
Inner Diameter
Length of Rotor
Type of Steel
Mechanical Pole Embrace
Polar Arc Radius
Residual Flux Density
Coercive Force (kA/m)

20 mm
27.1 mm
NdFeB 35
2 mm
240 mm
105 mm
M19 29G
0.82
158 mm
1T
710.32

TABLE 7.3
SLOT DIMENSIONS OF THE DIRECT-DRIVE MACHINE DESIGNED
Slot Opening (bs0)
Slot width at top of slot
Slot width at bottom of slot
Average slot width at center of slot
Slot height (hs)
h2
h3
h4
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5.0 mm
18.5 mm
14.0 mm
16.5 mm
22.0 mm
2.0 mm
2.0 mm
2.0 mm

TABLE 7.4
MASS DETAILS OF THE DIRECT-DRIVE MACHINE DESIGNED
Armature Copper Weight
Permanent Magnet Weight
Armature Core Steel Weight
Rotor Core Steel Weight
Total Weight of the inverter
Total Net Weight of Motor
(without shaft and housing)
Motor + inverter weight

9.811 kg
13.33 kg
23.00 kg
11.13 kg
12.00 kg
57.30 kg
69.00 kg

7.4. Perfromance Analysis of the Designed Direct-drive Machine
through Electromagnetic Model and Finite Element Analysis
The machine design was then analyzed using its electromagnetic model and finite
element analysis using pure sinusoidal current excitations wherever necessary. Figs.
7.4(a) and (b) show the open-circuit air-gap flux density, back-emf and flux linkage
waveforms. The back-emf and flux linkage waveforms are near sine-wave as desired to
yield improved performance of the machine in terms of torque ripple. Although, the perphase back-emf is rich in harmonics due to FSCW configuration, as seen in Fig. 7.5, a
small third harmonic component in the per-phase back-emf has led to the small flat-top
nature of the waveform. However, the third harmonic will be cancelled in the line-line
waveforms.
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Fig. 7.4. Back-emf, and open-circuit flux linkage and air-gap flux density waveforms at 575 rpm.
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Fig. 7.5. Harmonic spectrum of the per-phase back-emf waveform at 575 rpm with fundamental frequency
of 143.75 Hz.

Figures 7.6 and 7.7 show the torque, power, loss and efficiency characteristics over the
entire speed range of the motor. The characteristics were obtained using pure sinusoidal
current excitations across all three phases and maximum-torque-per-ampere control
scheme applied to the electromagnetic model of the machine. As seen in the Fig. 7.6, a
continuous torque of 875 Nm and peak torque of 1,750 Nm can be obtained. The
challenge in machine design was to obtain the peak torque and peak power until the
maximum speed with a 400 A rms/phase current limit.
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Fig. 7.6. Torque and output power characteristics over the entire speed range obtained using the
electromagnetic model of the machine in conjunction with maximum torque per ampere control scheme
with a voltage constraint of 450 VDC and 165A rms/phase and maximum current of 400 A rms/phase.

WindingLoss[W]
Magnet Loss[W]
Efficiency[Percent]
3000
2500

Losses [W]

1500
1000
500
0
0

250

500

100
90
80
70
60
50
40
30
20
10
0
750 1000 1250 1500 1750 2000
Speed [rpm]

Efficiency[%]

2000

CoreLoss[W]
MechanicalLoss[W]

Fig. 7.7. Loss and efficiency curves over the entire speed range corresponding to continuous torque and
power operation in Fig. 7.6.

155

Torque [Nm]

2000
1800
1600
1400
1200
1000
800
600
400
200
0

Continous Torque [Nm]
Peak Torque [Nm]
0

1

2

3
4
Time [ms]

5

6

7

Fig. 7.8. Torque waveforms of the designed 36/30 direct-drive machine during both continuous and peak
torque operations.

The continuous ratings of the machine could be obtained with a stack length of 95 mm
and 130A rms/phase. However, the PM flux linkage had to be increased by increasing the
length of the stack keeping the stator and rotor diameters same in order to obtain the peak
torque within the maximum current of 400A rms/phase. A maximum power of 111 kW
can be obtained for specific speed range between 600 rpm and 700 rpm and a continuous
power rating above 46 kW can be obtained until a speed range of 3,000 rpm. A rated
motor speed of 500 rpm corresponds to a vehicle speed nearly 55 km/hr. Hence a
minimum CPSR of 4 is obtained for both continuous and peak power ratings.
Loss characteristics are as presented in Fig. 7.8 computed using electromagnetic model
of machine and finite element analysis. Magnet loss was computed by assigning zero
current and conductivity (σ) of 62,500 S/m to the NdFeB35 magnet used. Eddy current
loss calculated in the magnet can be related to harmonic eddy-current densities (Jn) as in
(7.23) [24].
2


Jn
Pm    
dv 
magnet 2 

(7.23)

At high speed, the magnet loss is comparable to the DC copper loss in the machine due
to the harmonics in air-gap magnet flux density. The higher magnet loss can also be
156

attributed do the high strength of the magnet used [8]. Use of low strength magnets will
decrease torque density and might not be suitable for the direct-drive application. Also,
the magnet is not segmented axially in the design. A machine with segmented magnet is
found to yield much lesser magnet loss when compared to that of machines with
unsegmented magnets [8], [9].
Core loss components in the steel such as eddy current loss and hysteresis loss in time
domain were computed using (7.24) and (7.25) respectively [25]. Various core loss
coefficients such as Kc and Kh were calculated employing the loss curves for M19 29G
steel provided by the manufacturer. Kh was found to be 164.2 and Kc was found to be
0.409. Bulk conductivity of 1,960,000 Siemens/m and mass density of 7,650 kg/m3 was
used in the computation [25].

 dB 
Pc (t ) 
K
 
c
2 2  dt 
1

Ph (t ) 

2

 dB 
K h Bm cos   

 dt 
1

(7.24)

(7.25)

Core loss in the machine is much lesser than that of high speed traction machine. This
is a result of the low speed operation of the direct-drive machine and surface permanent
magnets in the rotor. The efficiency of the machine is above 90 % between a speed range
of 250 rpm and 2000 rpm and 95% between a speed range of 500 rpm and 1600 rpm.
Mechanical loss was calculated approximately as a function of speed based on a magnet
less motor.
Figure 7.8 shows the electromagnetic torque delivered by the machine during both
continuous and peak operating conditions. A maximum peak-peak torque ripple of 35
Nm was found during peak operation which is well below the 5% of the peak torque
value.

7.5. Comparison of Results Obtained from Analytical Calculations and
Finite Element Analysis of the Designed 36-30 Surface Permanent
Magnet Machine
Various parameters and results predicted through analytical equations presented in
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section 7.2 and FEA are presented in this section in Table 7.5 for comparison. Maximum
capability of the machine in terms of its torque, speed and output power was elicited
using the electromagnetic model of the designed FSCW SPM machine in conjunction
with FEA and MTPA control algorithm both in the constant torque and flux-weakening
regions. Only pure sinusoidal current excitations to the machine are considered in this
chapter.
Saturated Ld including various magnetizing and leakage inductance components
determined through FEA at the rated condition when the machine was delivering 875 Nm
was found to be 596 µH. Whereas, Ld calculated using pu equivalent quantities of λm =
0.1762 Wb. T,max = 6280 rad/s, Va = 224.5 V, and Id = -233.3 A in (7.6) is found to be
600 µH.
DLst and Tph calculated using equations (7.10)-(7.13) incorporating values of Bav, Kc
and Lmd of 0.75 T, 1.5 and 48 µH was found to be 0.030 and 82, compared to 0.033 and
84 obtained through FEA. Self and mutual phase inductances Laa and Lab waveforms
elicited from FEA under rated continuous operation of the machine are presented in Fig.
7.9 and the corresponding harmonic components elicited through Fast Fourier Transform
on the phase inductance waveforms are presented in Table 7.6. Value of Ld

(h+m)

only

including the magnetizing and harmonic leakage inductance components can be
calculated using (7.26) for a 3-phase FSCW SPM machine [17].

L
 L

Ld ( h m)  LDC  M DC    1  M 1    2  M 2   ......
 2
  2


(7.26)

Where, LDC and MDC are the DC components of the respective self and mutual phase
inductance waveforms, and L1, M1, L2, M2, L3, M3 etc. are higher order components of the
respective self and mutual phase inductance waveforms that have to be considered in
(7.26) if they exist [17]. Using (7.26) and inductances components listed in Table 7.6,
Ld(h+m) was calculated to be 570 µH. Whereas, Leq calculated using analytical equations
(7.16) and (7.17) for the designed 36/30 machine was found to be 569 µH. Hence, using
the above inductance values, Ls of 31 µH yielded slot dimensions as listed Table 7.3.
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TABLE 7.5
RESULTS FROM PROPOSED APPROACH AND FEA FOR THE DESIGNED FSCW SPM
MACHINE
Parameter
λm
Ld
Lmd
DLst and Tph
Leq or L(h+m)
Leq or L(h+m)
Ls = Ld - Leq
Le

Proposed Approach
0.1762 Wb. T
600 µH
48 µH
0.030 and 82
538 µH (Lab ignored)
569 µH (Lab included)
31.0 µH (Le ignored)
-

FEA + dq model
0.1762 Wb. T
596 µH (saturated)
0.033 and 84
516 µH (Lab ignored)
570 µH (Lab included)
26.0 µH (Le included)
3.92 µH
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Fig. 7.9. Phase self and mutual inductance waveforms at rated condition. Average Laa = 515.7 µH and
Average Lab = -64.4 µH. (FEA)

TABLE 7.6
HARMONIC SPECTRUM OF THE PHASE SELF AND MUTUAL INDUCTANCES IN THE DESIGNED
FSCW SPM MACHINE (FEA)
DC and Harmonic Components
DC
2nd Harmonic
4th Harmonic
6th Harmonic
8th Harmonic
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Laa
520 µH
30 µH
10 µH
0.0 µH
0.0 µH

Lab
65 µH
4.0 µH
2 .0µH
1.0 µH
0.5 µH

7.6. Analysis of the Space Harmonics and Leakage Inductances in 6phase 36/30 Direct-drive FSCW SPM Machine
Deriving knowledge from analysis conducted in the previous sections, a 6-phase 36/30
FSCW configuration is taken up for investigation to mitigate issues observed in the
designed 3-phase 36/30 FSCW SPM machine such as: a) Harmonic leakage inductance
and b) Magnet loss. As seen in Fig. 7.6, since the designed 3-phase machine has a CPSR
more than 4 while delivering desired rated and peak torque ratings, the harmonic leakage
inductance can be reduced in such a direct-drive motor to yield desired constant power
output characteristics. Moreover, it is expected that harmonic leakage inductance can be
reduced by mitigating the space harmonics and this will also reduce magnet eddy current
loss. Thus, in this section, a 6-phase SPM machine is analyzed keeping the same stator
and rotor as in the 3-phase machine, with only change in the stator winding configuration.
The phase distribution and winding configuration of the 36/30 6-phase FSCW SPM
machine under consideration in this chapter is presented in Figs. 7.10 (a) and (b).

(a)

(b)
Fig. 7.10. Phase disribution and winding distribution in the 6-phase 36/30 FSCW SPM. (a) 6-phase
configuration. (b) Winding distribution for one unit of the 6-phase 36/30 FSCW SPM designed.

Typical 6-phase machines yield advantages such as reduced per-phase inverter switch
rating and fault tolerance when compared to their 3-phase counterpart [26]. The 6-phase
machine considered here is unconventional as the number of turns/slot and rated
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current/phase is similar to its 3-phase counterpart, however the 36 slots under the same
frame size as in the 3-phase machine has been divided among 6 phases here. Hence, the
coils/phase will be reduced, ultimately yielding a lesser self- and mutual phase winding
inductances which ultimately yield a combination of harmonic leakage and magnetizing
inductances only.
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Fig. 7.11. Winding function diagram and harmonics spectrum for proposed 6-phase 36 slot/ 30 pole double
layer direct-drive FSCW machine. (a) Winding function diagram. (b) Space harmonic spectrum.

This can be understood through the procedure explained in detail in Appendix B which
helps to arrive at the phase inductance equations based on winding funtion theory.
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However, the disadvantage of such a 6-phase winding configuration when compared to a
typical 6-phase system is that switches in the inverter will have the same current rating as
their 3-phase counterpart due to the similar per-phase current rating. Apart from directdrive traction, such a motor and inverter system configuration finds application in low
voltage DC bus technology in EV due to the reduced voltage rating required to yield
desired output power charcteristics [27]. Reduction in voltage is compensated by currents
in 6 phases to yield the same input power. The advantages and disadvantages of such a 6phase machine scheme is also explained in deatil with equations in chapter 6.
Phase distribution of the double layer 6-phase FSCW SPM machine is shown in Fig.
7.10(b). Corresponding winding function diagram plotted for cycles per 2π mechanical
radians and space harmonic spectrum of the proposed winding configuration is presented
in Figs. 7.11(a) and (b) respectively. It is important to note that the 15th order harmonics
is the synchronous frequency component in the 36/30 FSCW SPM machine under
consideration contributing to the electromagnetic torque production [5]. Upon
investigation of the harmonics spectrum in Fig. 7.11(b), it is seen that the 3 rd and 9th order
components are sub-harmonic components which cause harmonic leakage inductance and
induce high rotor losses [28]. When compared to winding harmonics for the 3-phase
36/30 machine designed shown in Fig. 7.2(b), magnitude of sub-harmonics is reduced
significantly in the 6-phase FSCW SPM machine under consideration.
The phase self- and mutual inductances (Laa, Lax) waveforms of the 6-phase machine
can be estimated analytically as a function of rotor position using (7.27) and (7.28) with
the help of winding function represented in Fig. 7.11(a).

Laa 

Lax 

2

 0 rg Lst

 N a ()d

(7.27)

 N a () N x ()d

(7.28)

g0

 0 rg Lst
g0

2

0

2
0

where rg is the air-gap radius, Lst is the stack length, g0 is the air-gap thickness and Na(θ)
and Nx(θ) are winding functions for phases A and X respectively. The winding function
for phase X can be obtained by shifting phase A winding function by 300 electrical.
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Further, the phase self- and mutual inductances (Laa, Lax) waveforms of the 6-phase
machine can also be obtained through the electromagnetic model of the machine in
conjunction with finite element analysis. Waveforms of Laa and Lax are analyzed for
harmonics using Fast Fourier Transform (FFT) and are expressed as a function of DC
component L1 and M1 and first order harmonic component L2 and M2 respectively as in
(7.29). If higher order harmonics are obtained from the harmonic analysis of Laa and Lax,
they must be included in the 6-phase inductance matrix for more accurate calculation of
Ld and Lq.
Laa  L1  L2 cos  2 





Lax  M1 cos   M 2 cos 2  
12 





(7.29)

Ld and Lq can be determined using the 6-phase transformation matrix, phase inductance
matrix and other necessary equations as derived in chapter 6 and presented in detail in the
Appendix B. The d- and q-axis

inductances only consisting of

a combination of

harmonic leakage inductance and magnetizing inductance are computed using the dq axis
model of PM machines and are expressed as in (7.30). The higher order harmonics in
self-inductance and mutual inductance is found to contribute to the difference between dand q- axis inductance for a FSCW SPM machine which is unlikely in the case of
distributed winding SPM machine [17].
Ld ( h  m )   L1 

Lq ( h  m )

M1   L2

 M 2 
2   2

M
L
  L1  1    2  M 2 
2

  2


(7.30)

To understand the effect of slot dimensions on space harmonics, slot harmonic orders
are analyzed in the winiding harmonic spectrum shown in Fig. 7.11 (b). Also, to
understand the effect of slot dimensions on slot leakage inductance, slot permeance
function is used.
The orders of slot harmonics present in the machine with S slots and p pole pairs can
be characterized by k=vS±p, where v is an integer [29]. From Fig. 7.11(b), the first slot
harmonic component is the 21st harmonic which has the worst impact as it is the closest
to the fundamental component [28]. However, the amplitude of 21st harmonics remains
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the same in both 3- and 6-phase machines as it is independent of number of phases and
the slot dimensions in both the machines are the same since the 6-phase machine utilizes
stator and rotor of the 3-phase machine. Further, slot leakage inductance for the 6-phase
36/30 FSCW machine under consideration with double layer winding is calculated using
(7.22) assuming the same slot geometry as that of the 3-phase machine as shown in Fig.
7.2. Hence, a procedure to calculate the total d- and q-axis inductances including the slot,
harmonic and magnetizing inductances of 6-phase FSCW SPM machine is established.
Alternativley, the procedure illustrated in section 7.2 can also be used to design the 6phase FSCW SPM machine borrowing equations corresponding to MTPA theory based
design approach of 6-phase PM machines explained in chapter 6.

(a)

(b)

Fig. 7.12. Cross-sections of the 3-phase and 6-phase FSCW SPM machines under consideration showing
phase distribution. (a) 3-phase 36/30 double layer FSCW SPM machine. (b) 6-phase 36/30 double layer
FSCW SPM machine.

7.7. Comparative Perfromance Analysis of 3-phase and 6-phase 36/30
Direct-drive FSCW SPM Machines Incorporating MTPA Control
Electromagnetic model of the designed 6-phase and 3-phase 36/30 FSCW SPM
machines are analyzed using FEA and MTPA control for various performance
characteristics under steady-state condition. Cross-sections (for one unit) of 3-phase
36/30 FSCW SPM machine designed in section 7.3 and 6-phase 36/30 FSCW SPM
machine are presented in Figs.7.12 (a) and (b) respectively.
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7.7.1. Steady-state Analysis of Torque-Speed and Power-Speed
Characteristics
Torque speed and the power speed curves for 6-phase 36/30 FSCW SPM machine
obtained under MTPA voltage contraint of 160 VLL-rms and current constraint of 165 A
rms/phase are illustrated in Figs. 7.13(a) and (b) respectively. The characteristics were
obtained as a result of MTPA control applied on the electromagnetic model of the
machine in FEA environment over the full speed of the machine. As seen in Figs. 7.13(a)
and (b), a continuous torque of 910 Nm at rated motor speed of 500 rpm and maximum
speed of 2,000 rpm corresponding to a CPSR of 4 was obtained.
Based on the winding harmonic analysis conducted above for 3-phase and 6-phase
FSCW SPM machines, the 6-phase machine has a higher magnitude of torque producing
harmonic component (15th order harmonics) when compared to its 3- phase counterpart.

(a)

(b)
Fig. 7.13. Torque and output power characteristics over the entire speed range for 6- phase 36/30 FSCW
SPM with constraints of 160 VLL-rms and 165 A rms/phase. (a) Power vs. speed. (b) Torque vs. speed.
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Fig. 7.14.Average torque for 3-phase and 6- phase 36/30 FSCW SPM machines at rated condition of 500
rpm, 165A rms/phase and zero current angle.

Therefore, the average torque at rated operation of 500 rpm, 165 A rms/phase for 6phase machine is 3.4% higher than that of the 3-phase machine as shown in Fig. 7.14.
Also, the peak-peak torque ripple has reduced in the 6-phase machine compared to that of
the 3-phase machine.
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Fig. 7.15. PM Flux linkage for 3-phase and 6-phase 36/30 FSCW SPM machines at 500 rpm. (FEA)
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7.7.2. Analysis of Open-circuit Characteristics
The open-circuit characteristics for 3-phase and 6-phase machines are analyzed at a
rated speed of 500 rpm. Fig. 7.15 shows the open-cicuit PM flux linkage for both the
machines and Fig. 7.16 shows the open-circuit air-gap fux density for 6-phase machine.
The PM flux linkage waveforms for 3-phase and 6-phase SPM machines as seen in
Fig.7.15 are near sine waves which assists reduction of torque ripple. Since the objective
here was to design the 6-phase machine using the existing 3-phase machine stator with 36
slots and 30 poles, the number coils/phase in the 6-phase machine reduces by half but
since the winding factor increases, the resultant open circuit PM flux linkage reduced
from 0.1762 Wb.T in 3-phase SPM to 0.092 Wb.T in the 6-phase SPM machine.
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Fig. 7.16. Open-circuit air-gap flux density waveform for 6-phase 36/30 SPM machine with fundamental
flux density value of 1.02 T. (FEA)

7.7.3. Analysis of Electrical and Magnet Eddy Current Loss
The 3-phase and 6-phase 36/30 machines are designed for an operating temperature of
120oC in the windings and magnet. M19 29G steel and NdFeB 35 magnets having a Br of
1T and Hc of -639 kA/m are used in both the machines. Magnet and core losses are
analyzed under rated loading condition when all the phases carry pure sinusoidal current
excitations of 165 A rms/phase at frequency corresponding to 575 rpm. The rotor core
and magnet losses are mainly induced due to sub- and higher order harmonics
components in the air-gap flux density [28]. Moreover, these losses are also a function of
the rate of change of air-gap flux density waveform. This is also apparent from results
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presents in chapter 6 and Fig. 7.17 [30]. For the 6-phase 36/30 machine magnet loss
reduces by 4 % when compared to that of the 3-phase machine and core loss is 4.5%
lesser in 6-phase machine when compared to that of 3 phase machine. As a result of the
lesser rate of change of air-gap flux density in 6-phase machine, it is expected that the
minimum magnet operating point will also be improved.
3-phase 36/30

6-phase 36/30

Magnet Loss [W]
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320
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280
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Time [ms]
Fig. 7.17. Magnet loss variation at rated condition in 3-phase and 6-phase 36/30 FSCW SPM machines
considered. (FEA).

7.7.4. Comparison of Inductances in 3-phase and 6-phase Machines
Designed
Figures 7.18 (a) and (b) show the saturated self- and mutual phase inductances for
double layer 3-phase and 6-phase 36/30 FSCW SPM machines obtained at a condition of
165A rms/phase and 575 rpm from FEA. Amplitudes of various harmonic components
of self- and mutual phase inductances obtained through FFT of respective inductance
waveforms for the 3-phase and 6-phase SPM machines are presented in Table 7.7. Selfand mutual inductances of the 6-phase SPM machine contain a dominant DC component
when compared to other components in their harmonic spectrum. The amplitudes of
higher order harmonics components in the 6-phase SPM machine are lesser when
compared to that of the 3-phase SPM machine. The saturated d- and q-axis inductances
containing harmonic and magnetizing inductance components only are calculated for 3168

phase and 6-phase 36/30 machines as shown in Table 7.8. It is observed that even for a
SPM machine there is a slight difference in d- and q-axis inductance due to higher order
harmonics. The total dq axis inductance consists of slot leakage, harmonic leakage and
magnetizing inductance.
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Fig. 7.18. Self and mutual phase inductance waveforms at 165A rms/phase and 575 rpm rated condition. (a)
3-phase 36/30 SPM machine. (b) 6-phase 36/30 SPM machine.

The magnetizing inductance can be calculated using (7.11)-(7.13) with the help of
structural parameters indicated in Tables 7.1 and 7.2. For the 3-phase machine, Kc=1.5,
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Kw=0.933 and Turns/phase=84 are chosen while for a 6-phase machine, Kc=1.5,
Kw=0.965 and Turns/phase=42 is used. It is observed that even for a SPM machine there
is a slight difference in d- and q-axis inductance due to higher order harmonics. However,
the total dq axis inductances have decreased in the 6-phase machine due to the reduction
of space harmonics.
In accordance with results from investigations performed in the previous section, 6phase machine is expected to yield better performance in terms of reduced space
harmonics, reduced leakage inductance and reduced core and magnet losses.

TABLE 7.7
HARMONIC SPECTRUM OF THE PHASE SELF AND MUTUAL INDUCTANCES IN 3-PHASE AND
6-PHASE FSCW SPM MACHINES CONSIDERED (FEA)
DC and Harmonic Components

Laa
520 µH
30 µH
10 µH
0 µH
0 µH

DC
nd
2 Harmonic
4th Harmonic
6th Harmonic
8th Harmonic

D- AND Q- AXIS INDUCTANCES FOR

3-Phase
Lab
65 µH
4 µH
2 µH
1 µH
0.5 µH

6-Phase
Laa
194 µH
12 µH
3 µH
1 µH
0 µH

Lax
66 µH
4.5 µH
1 µH
0.5 µH
0.1 µH

TABLE 7.8
3-PHASE AND 6-PHASE FSCW SPM MACHINES

Ld=Lmd+Lls
3-Phase
596 µH
6-Phase
247 µH

Lq=Lmq+Lls
611 µH
268 µH

Lslot
Lmd
30 µH 56 µH
30 µH 29.9 µH

7.8. Conclusions
This chapter discusses investigations conducted on design of an on-board direct-drive
FSCW SPM motor with 3-phases first. Machine design approach based on MTPA and
winding function theories for such a machine was proposed. A 3-phase 36 slot 30 pole
FSCW SPM machine was designed to be used in a Ford Fiesta 2014 direct-drive EV
against a set of challenging machine design targets listed in chapter 2. Thereafter,
understanding the merits and challenges in the 3-phase machine, 6-phase winding
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topology was investigated for the same 3-phase machine stator and rotor. The findings
are:
 The 3-phase machine design approach presented yielded satisfactory performance to
obtain a preliminary design of such a FSCW SPM direct-drive machine.
 Combined active mass of the designed 3-phase machine and existing inverter weighs
69 kgs without the shaft and casing. The overall weight of the motor and inverter
could be comparable to the overall weight of motor, transmission and inverter existing
in commercially available EVs.
 The 3-phase machine designed can deliver 1750 Nm peak torque and 875 Nm
continuous torque and corresponding constant power until 4000 rpm speed, which
eliminates the need for a fixed gear box in the EV.
 Efficiency of the 3-phase machine is found to be more than 90% between 250 rpm and
maximum speed of 2,500 rpm. Efficiency is near 95% between a speed range of 500
rpm and 1,500 rpm.
 Magnet loss is dominant which can be minimized by axial segmentation of the
magnets [9]. This loss component needs more focus as it can influence
demagnetization.
 6-phase machine designed reduced space harmonics, magnet loss by 4% and core loss
by 4.5% keeping the same mechanical and stator copper loss when compared to that of
the 3-phase machine.
 6-phase machine yielded desired constant power characteristics while delivering 3.4%
more torque than the 3-phase machine under the same frame and current rating.
 Torque ripple in the 3-phase machine is about 2% of the peak torque and even lesser in
the 6-phase machine.
 M19 29G and NdFeB 35 at 120 deg C was used in the design and analysis. Improved
steel and magnet grades, if used, could eliminate problems of saturation in the teeth
and help improve the torque density of the machine further.
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Chapter 8
Conclusions and Suggested Future Work
8.1. Conclusions
Although conclusions are presented in the end of chapters 2-7, a summary of
conclusions is presented here.
Interior permanent magnet synchronous machines (IPMSMs) and surface permanent
magnet synchronous machines (SPMSMs)were investigated in this dissertation for directdrive (DD) and integrated charging (IC) applications in electric vehicles (EVs) in an
effort to extend the driving range and decrease the overall & operational cost of the EV.
Chapter 1 discussed state-of-the-art electric motor, transmission and charging
technologies used in commercially available EVs and justified the need for the proposed
EV architecture including both direct-drive and integrated charging schemes.
Chapter 2 presented an approach to fix motor design targets for a modified Supermini
or B-segment vehicle such as a Ford Fiesta 2014 direct-drive EV. The fixed motor ratings
were also confirmed through results from dynamic simulation of the aforementioned EV
on an urban drive-cycle. This chapter formed the problem statement to design a directdrive machine.
Chapter 3 presents results from investigations conducted on high-torque low-speed
IPMSM and SPMSM under integrated charging and traction conditions. It was found
that: a) 3-phase IPMSM performed better in terms of losses and PM demagnetization but
saliency effect was an issue for phase voltages and currents during IC; b) 3-phase
SPMSM has higher magnet loss and demagnetization during IC, however, phase voltages
and currents in SPMSM are more sinusoidal and symmetric; c) SPMSM could not deliver
similar traction characteristics as the IPMSM under the same frame size using the same
inverter, rated current and rated voltage; d) Any machine rich in harmonics is not
favorable for IC as harmonics will lead to increase in magnet losses, demagnetization and
temperature, although, harmonics will increase the d-axis inductance and narrow the
difference between the d-axis and q-axis inductances, hence, mitigating the saliency
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effect; and e) Temperature rise due to losses need to be taken care with proper cooling
mechanism during IC.
Chapter 4 presents the steps taken in order to design a 3-phase IPMSM for direct-drive
application. First conventional top-bottom “D2L” based machine design approach was
employed and then found that such an approach will not be suitable to design an IPMSM
which has reluctance torque components to deliver desired traction characteristics in both
constant torque and constant power regions. Hence, a novel bottom-up machine design
approach based on maximum-torque-per-ampere (MTPA) theory was proposed to design
an IPMSM for direct-drive application. Such an approach was verified through
electromagnetic model of a direct-drive IPMSM in conjunction with finite element
analysis (FEA) and MTPA controls. Thereafter, the proposed approach was also
validated against the prototyped machine which was controlled using MTPA controls.
The proposed approach was found to be satisfactory in obtaining a preliminary
parametric and structural design of IPMSM.
Based on the investigations conducted in chapter 3 and 3-phase machine design
approach presented in chapter 4, an IPMSM with dampers was investigated to mitigate
challenges due to the saliency effect while employing conventional IPMSM for IC.
Building on the design approach presented in chapter 3, a novel machine design approach
to design an IPMSM with dampers for both IC and traction applications was developed
and proposed in chapter 5. It was found that: a) the proposed design approach provides
satisfactory performance in obtaining a preliminary design of the IPMSM with dampers
for FEA based refinement; b) the designed machine mitigates the saliency effect during
IC; c) IPMSM with dampers produced similar output as conventional IPMSM with
minimal decrease in overall efficiency during traction due to harmonic rotor losses; d)
rotor copper losses increase during charging when compared to conventional IPMSM and
is comparable to the stator copper losses; and e) addition of dampers to a conventional
IPMSM only increased the weight by 0.8 kg approximately.
In an effort to design a machine which is optimal for both direct-drive and integrated
charging, 6-phase IPMSM was investigated. One of the major factors for investigating 6phase machine came from its torque equation that was derived in this dissertation.
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Building up on the proposed 3-phase IPMSM design approach presented in chapter 3, an
unconventional 6-phase machine was designed utilizing the same stator and rotor as the
3-phase machine and keeping the same current rating. Such a machine requires six more
inverter switches when compared to that of the 3-phase machine. It was found that: a) the
proposed design approach provides satisfactory performance in obtaining a preliminary
design of the IPMSM with dampers for FEA based refinement; b) the designed machine
had reduced copper losses, magnet loss, demagnetization and torque oscillation during IC
when compared to its 3-phase counterpart; and c) an extended constant power speed
region and similar torque performance with fault tolerance feature could be obtained
using the 6-phase machine.
Although, various techniques were proposed and validated to alleviate issues during
integrated charging, the direct-drive motor design targets fixed in chapter 2 could not be
achieved using distributed windings in the stator. Weight of the motor, copper loss,
torque density, torque ripple and constant power speed range were some of the factors
affecting. Hence, as presented in chapter 7, efforts were directed towards fractional slot
concentrated winding (FSCW) machines with surface permanent magnets (SPM) in the
rotor. Firstly, a 3-phase 36/30 FSCW SPM machine was designed using a novel design
approach proposed for concentrated winding SPM machines. The findings were: a) 3phase machine design approach presented yielded satisfactory performance to obtain a
preliminary design of such a FSCW SPM direct-drive machine; b) 3-phase machine could
be designed against the design target presented in chapter 2; c) Magnet loss in the
unsegmented magnets was dominant and comparable to the stator copper loss and d) the
constant power speed range was more than what was required. Hence, understanding the
challenges in the 3-phase FSCW machine designed and benefits of a 6-phase machine
during IC, 6-phase FSCW SPM machine was analyzed for alleviating the challenges. The
findings were: a) Using the same rotor and stator as that of the 3-phase machine, the 6phase machine designed reduced space harmonics, magnet loss by 4% and core loss by
4.5% keeping the same mechanical and stator copper loss when compared to that of the
3-phase machine; b) 6-phase machine yielded desired constant power characteristics
while delivering 3.4% more torque than the 3-phase machine under the same frame and
current rating; and c) torque ripple in the 3-phase machine is about 2% of the peak torque
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and even lesser in the 6-phase machine.
Hence, to conclude, this dissertation through novel research contributions show that: a)
the proposed EV architecture with direct-drive scheme is worth researching for
improvement and commercialization in future; and b) integrated charging technology is
beneficial, however, various challenges explained in this dissertation needs further
investigation to optimally design a machine for direct-drive and integrated charging
applications.

8.2. Suggested Future Work
a) Cost analysis of conventional EV powertrain and proposed direct-drive EV
powertrain
b) Study the behavior of 3-phase and 6-phase FSCW machines with wide slot opening
for direct-drive application. Wide slot opening can be afforded due to the low CPSR
requirement. This will also yield a higher slot fill factor.
c) Investigate the merits and demerits of FSCW SPM machines during integrated
charging. Harmonics may cause problems.
d) Derive methods for determination and reduction of magnet losses in FSCW SPM
machines. Optimal design of the machine for reduction in space harmonics can be a
direction.
e) Optimally design the IPMSM with dampers to cancel rotor losses during traction,
produce desired traction characteristics compared to a conventional IPMSM and
completely cancel the saliency effect during IC by designing special dampers.
f) Prototype a down-scaled direct-drive motor with segmented magnets and test to
understand the machine’s behavior and challenges if any.
g) Involve magnetic circuit modeling for improvement and comprehensiveness in the
proposed bottom-up design approach.
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Appendix A
Mathematical Model of 6-phase IPMSM
based on dq axis theory
Mathematical model of a 6-phase IPMSM employing the dq axis theory has been
developed here. The 6-phase distribution taken into consideration while modeling the
machine is shown in Fig. A.1. Motoring mode of the machine is assumed positive and the
machine is analyzed in the Park’s rotor reference frame.

Fig. A.1. 6-phase IPMSM stator phase configuration considered in this chapter for mathematical modeling.

It is assumed that the phase windings ‘a’, ‘b’, ‘c’, ‘x’, ‘y’ and ‘z’ are symmetrical
with same resistance and same number of turns, N. θr is the angle between the ‘a’ phase
axis and q-axis. 6-phase configuration considered here is actually made up of two sets of
3-phase windings (a,b,c) and (x, y, z) displaced by an angle, (α). The three phases in one
set are displaced by 120 degrees between each phase. α is considered to be 30 electrical
degrees here. Initially, the objective is to determine various inductances in the 6-phase
inductance matrix shown below.
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A.1 Inductance Matrix for 6-phase machine

 Laa Lab Lac Lax Lay Laz 
L

 ba Lbb Lbc Lbx Lby Lbz 
 Lca Lcb Lcc Lcx Lcy Lcz 
Labc  

 L xa L xb L xc L xx L xy L xz 
 L ya L yb L yc L yx L yy L yz 


 L za L zb L zc L zx L zy L zz 
Let Ia, Ib, Ic, Ix, Iy and Iz be the currents in the phases ‘a’, ‘b’, ‘c’, ‘x’, ‘y’ and ‘z’
respectively. General steps followed to find each of the inductance elements in the 6phase inductance matrix shown above are:
Step 1: Consider one element of the matrix at a time. For example, take Lab. Consider
current is flowing through phase ‘a’ while phase ‘b’ is kept open.
Step 2: Find the magneto motive forces (mmf) between d-axis and phase ‘a’ (Fda) and
between q-axis and phase ‘a’ (Fqa).
Step 3: Using Fda and Fqa, the flux linkages between d-axis and phase ‘a’ (λda) and
between q-axis and phase ‘a’ (λqa) should be found.
Step 4: The air gap flux linkage λg is found corresponding to the phase which is kept
open. Here phase ‘b’ is kept open.
Step 5: The inductance element Lab is obtained from Lab = λg/Ia. Similarly, every element
in the inductance matrix could be found.
1) Deriving equation for Lab
The magneto motive forces (mmf) between q-axis and phase ‘a’ (Fqa) and between d-axis
and phase ‘a’ (Fda) can be calculated using (1) and (2).
Fqa  NI a cos  r



Fda  NI a cos   r  
2
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(1)
(2)

The flux (φ) and the flux linkage (λ) can be calculated using (3) where R is the
reluctance,  is the permeance and R



1
.


F

 F  

R
  N 

(3)

Using (2) in (3), the flux linkage between phase ‘a’ and d-axis (λda) can be calculated
using (4).



 da  N 2 I a  d cos  r  
2


(4)

Similarly using (1) in (3), the flux linkage between phase ‘a’ and q-axis (λqa) can be
calculated using (5).

 qa  N 2 I a  q cosr

(5)

To find Lab (the mutual inductance between phases‘a’ and ‘b’), the air-gap flux linkage
should be calculated by passing current through phase ‘a’ and keeping phase ‘b’ open.
The angle between ‘b’ and q-axis   r 

 qd  bq 

2
. The angle between ‘b’ and d-axis
3

 
2  7 
  r   
  r . The air gap flux linkage due to phase ‘b’ (λgb) is
2 
3  6

given by (6).
 gb   da cos(bd )   qa cos(bq)

Using (4) and (5) in (6), and using cos A cos B 

1
cosA  B  cos A  B
2

   7
2 



 gb  N 2 I a  d cos  r   cos   r   N 2 I a  q cos  r cos  r  
2  6
3 



N 2 I a    2 
  2 
2
2   




     q cos   cos 2 r   
 d cos   cos 2 r 
2    3 
3
3  



  3 

180

(6)

 gb

N 2Ia  1
2  


  d   q    d   q cos 2 r  
2  2
3 


(7)

Now the mutual inductance between phases ‘a’ and ‘b’ is,

Lab 

 gb

(8)

Ia

Using (7) in (8)

 1 N 2  d   q  N 2  d   q  
2 
Lab  

cos 2 r  
2
2
3 

 2
1
2 

Lab  Lba   L A  LB cos 2 r 

2
3 

Where L A 



N 2 d  q



2

and LB 



N 2 d  q
2



(9)

.

2) Deriving equation for Lac
To find Lac (the mutual inductance between phases ‘a’ and ‘c’), the air-gap flux linkage
should be calculated by passing current through phase ‘a’ and keeping phase ‘c’ open.
The angle between ‘c’ and q-axis  ac  aq 
axis  ac  ad  ac  (aq  ad ) 

4
  r . The angle between ‘c’ and d3

4
 11
 r  
  r . The air gap flux
3
2
6

linkage due to phase ‘c’ (λgc) is given by (10).
 gc   da cos(cd )   qa cos(cq)

Using (4) and (5) in (10), and using cos A cos B 

(10)

1
cos A  B   cos A  B 
2

   11
4 



 gc  N 2 I a  d cos  r   cos
  r   N 2 I a  q cos  r cos   r  
2  6
3 



N 2 I a    4 
  4 
4
4   




     q cos   cos 2 r   
 d cos   cos 2 r 
2    3 
3
3  



  3 
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Using cos    cos     cos  ,

 gc

N 2Ia  1
4  


  d   q    d   q cos 2 r  
2  2
3 


(11)

Now the mutual inductance between phases ‘a’ and ‘c’ is,

Lac 

 gc

(12)

Ia

Using (11) in (12)
2
2

4  
 1 N  d   q  N  d   q  

Lac  

cos 2 r  
2
2
3 


 2


1
4 

Lac   L A  LB cos 2 r  
2
3 

1
2 

Lac  Lca   L A  LB cos 2 r  
2
3 


(13)

3) Deriving equation for Lax
To find Lax (the mutual inductance between phases ‘a’ and ‘x’), the air-gap flux linkage
should be calculated by passing current through phase ‘a’ and keeping phase ‘x’ open.
The angle between ‘x’ and q-axis  qa  ax   r   . The angle between ‘x’ and d-axis

 xa  xd    r 



 r    . The air gap flux linkage due to phase ‘x’ (λgx) is
2
2

given by (14).
 gx   da cos(xd )   qa cos(xq)

Using (4) and (5) in (14), and using cos A cos B 

1
cos A  B   cos A  B 
2

 



 gx  N 2 I a  d cos  r   cos  r      N 2 I a  q cos  r cos r   
2 
2


2
N Ia
 d cos    cos2 r        q cos    cos2 r   

2
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(14)

Using cos    cos     cos  ,

 gx

N 2Ia
 d   q cos    d   q cos2 r  

2
(15)

Now the mutual inductance between phases ‘a’ and ‘x’ is,

Lax 

 gx

(16)

Ia

Using (15) in (16)
2


N 2  d   q 
 N  d   q 

Lax  
cos   
cos2 r   
2
2





Lax  Lxa  LA cos   LB cos2 r  

(17)

4) Deriving equation for Lay
To find Lay (the mutual inductance between phases ‘a’ and ‘y’), the air-gap flux linkage
should be calculated by passing current through phase ‘a’ and keeping phase ‘y’ open.
The angle between ‘y’ and q-axis  qx  xy   r   
d-axis  dq  yq 

2
. The angle between ‘y’ and
3


2
7
 ( r    ) 
  r   . The air gap flux linkage due to
2
3
6

phase ‘y’ (λgy) is given by (18).
 gy   da cos(yd )   qa cos(yq)

Using (4) and (5) in (18), and using cos A cos B 
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1
cos A  B   cos A  B 
2

(18)

   7
2 



 gy  N 2 I a  d cos  r   cos
  r     N 2 I a  q cos  r cos  r   

2  6
3 



  
5 
2   

 
 d cos 2 r      cos   
3 
3  
N Ia   




2 
 
2 
2   

  q cos   
  cos 2 r   


3
3  






2

 gy 

N 2Ia 
2 
5 


   d   q cos 2 r    
 d   q cos(   
2 
3 
3 



(19)

Now the mutual inductance between phases ‘a’ and ‘y’ is,

Lay 

 gy

(20)

Ia

Using (19) in (20)
2
2

2  N  d   q  
5 
 N  d   q  

Lay  
cos   
cos 2 r    

2
3 
2
3 






2 
2 


Lay  L ya  L A cos      LB cos 2 r    
3 
3 



(21)

5) Deriving equation for Laz
To find Laz (the mutual inductance between phases ‘a’ and ‘z’), the air-gap flux linkage
should be calculated by passing current through phase ‘a’ and keeping phase ‘z’ open.
The angle between ‘z’ and q-axis  xz  xq 
d-axis  xz  xd 


4
  r   . The angle between ‘z’ and
3

4
4
4

   aq  qd  
 xa  ad  
   r 
3
3
3
2

11
   r . The air gap flux linkage due to phase ‘z’ (λgz) is given by (22).
6
 gz   da cos(zd )   qa cos(zq)

Using (4) and (5) in (22), and using cos A cos B 
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1
cos A  B   cos A  B 
2

(22)

   11


 gz  N 2 I a  d cos  r   cos
   r 
2  6


 4

 N 2 I a  q cos  r cos
   r 
 3

  
7 
4   

  cos   
 
 d cos 2 r   
3 
3  
N Ia   




2 
 
4 
4   

  q cos   
  cos 2 r   


3 
3  

 

2

 gz

N 2Ia 
4 
4  



   d   q cos 2 r    
 d   q cos   
2 
3 
3 



(23)

Now the mutual inductance between phases ‘a’ and ‘z’ is,

Laz 

 gz
Ia

(24)

Using (23) in (24)
2
2

4  N  d   q  
4  
 N  d   q  

Laz  
cos   
cos 2 r   


2
3 
2
3 






4 
4 


Laz  Lza  L A cos      LB cos 2 r    
3 
3 



(25)

6) Deriving equation for Lbc
The magneto motive forces (mmf) between q-axis and phase ‘b’ (Fqb) and between d-axis
and phase ‘b’ (Fdb) can be calculated using (26) and (27).

2 

Fqb  NI b cos  r  
3 


(26)

7 

Fdb  NI b cos   r  
6 


(27)

Using (27) in (3), the flux linkage between phase ‘b’ and d-axis (λdb) can be calculated
using (28).
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7 

 db  N 2 I b  d cos   r  
6 


(28)

Similarly using (26) in (3), the flux linkage between phase ‘b’ and q-axis (λqb) can be
calculated using (29).

2 

 qb  N 2 I b  q cos  r  
3 


(29)

To find Lbc (the mutual inductance between phases ‘b’ and ‘c’), the air-gap flux linkage
should be calculated by passing current through phase ‘b’ and keeping phase ‘c’ open.
The air

gap flux linkage due to phase ‘c’ (λgc) is given by (30).
 gc   db cos(cd )   qb cos(cq)

Using (28) and (29) in (30), and using cos A cos B 

(30)

1
cos A  B   cos A  B 
2

7   11
2   4




 gc  N 2 I b  d cos   r   cos
  r   N 2 I b  q cos  r   cos   r 
6   6
3   3




N 2 I b    2 

  2 


 d cos   cos2 r  2     q cos   cos2 r  2 
2    3 

  3 


 gc 

N 2 Ib  1

  d   q    d   q cos2 r  2
2  2


(31)

Now the mutual inductance between phases ‘b’ and ‘c’ is,

Lbc 

 gc
Ib

(32)

Using (31) in (32)
2
2


 1 N  d   q  N  d   q 

Lbc  

cos2 r  2
2
2


 2


1
Lbc  Lcb   L A  LB cos 2 r
2
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(33)

7) Deriving equation for Lbx
To find Lbx (the mutual inductance between phases‘b’ and ‘x’), the air-gap flux linkage
should be calculated by passing current through phase ‘b’ and keeping phase ‘x’ open.
The air

gap flux linkage due to phase ‘x’ (λgx) is given by (34).
 gx   db cos(xd )   qb cos(xq)

Using (28) and (29) in (34), and using cos A cos B 

(34)

1
cos A  B   cos A  B 
2

7  



 gx  N 2 I b  d cos   r 
 cos  r    
6  
2


2 

 N 2 I b  q cos  r 
 cos  r   
3 

  
5 
 2
 

cos

2





cos





 

d
r

3 
N 2 Ib   
 3
 



2 
  2
2   


  q cos 
    cos 2 r   


3  


  3


 gx

N 2 Ib 
2  
 2



     d   q cos 2 r    
 d   q cos
2 
3 
 3



(35)

Now the mutual inductance between phases ‘b’ and ‘x’ is,

Lbx 

 gx
Ib

(36)

Using (35) in (36)
2
2

2  N  d   q  
2  
 N  d   q  

Lbx  
cos  
cos 2 r    

2
3 
2
3 






2 
2 


Lbx  Lxb  L A cos     LB cos 2 r    
3 
3 
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(37)

8) Deriving equation for Lby
To find Lby (the mutual inductance between phases‘b’ and ‘y’), the air-gap flux linkage
should be calculated by passing current through phase ‘b’ and keeping phase ‘y’ open.
The air

gap flux linkage due to phase ‘y’ (λgy) is given by (38).
 gy   db cos(yd )   qb cos(yq )

Using (28) and (29) in (38), and using cos A cos B 

(38)

1
cos A  B   cos A  B 
2

7   7


 gy  N 2 I b  d cos   r 
 r   
 cos
6   6


2  
2 

 N 2 I b  q cos  r 
 cos  r   

3  
3 

 
7   




cos


cos

2





 

d
r

3  
N 2Ib  




2 

4   

  q cos     cos 2 r   


3  




 gy

N 2 Ib 
4  


 d   q cos    d   q cos 2 r    
2 
3 


(39)

Now the mutual inductance between phases ‘b’ and ‘y’ is,

Lby 

 gy
Ib

(40)

Using (39) in (40)
2

N 2  d   q  
4  
 N  d   q 

Lby  
cos  
cos 2 r   

2
2
3 





4 

Lby  L yb  L A cos()  LB cos 2 r    
3 
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(41)

9) Deriving equation for Lbz
To find Lbz (the mutual inductance between phases‘b’ and ‘z’), the air-gap flux linkage
should be calculated by passing current through phase ‘b’ and keeping phase ‘z’ open.
The air

gap flux linkage due to phase ‘z’ (λgz) is given by (42).
 gz   db cos(zd )   qb cos(zq)

Using (28) and (29) in (42), and using cos A cos B 

(42)

1
cos A  B   cos A  B 
2

7    11


 gz  N 2 I b  d cos   r 
   r 
 cos
6   6


2   4


 N 2 I b  q cos  r 
   r 
 cos
3   3


  
 
2 



cos



cos

2




3




d
r

 
3 
N 2 Ib   
 



2 

2   

  q cos 2 r    2  cos   


3  




 gz 

N 2 Ib 

2 

 d   q cos      d   q cos2 r    2
2 
3 



(43)

Now the mutual inductance between phases ‘b’ and ‘z’ is,
Lbz 

 gz
Ib

(44)

Using (43) in (44)
2
2


2  N  d   q 
 N  d   q  

Lbz  
cos  
cos2 r    2

2
3 
2






2 

Lbz  Lzb  L A cos  
  LB cos2 r   
3 


(45)

10) Deriving equation for Lcx
The magneto motive forces (mmf) between q-axis and phase ‘c’ (Fqc) and between d-axis
and phase ‘c’ (Fdc) can be calculated using (46) and (47).
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4 

Fqc  NI c cos   r 

3 


(46)

11 

Fdc  NI c cos   r 

6 


(47)

Using (47) in (3), the flux linkage between phase-c and d-axis (λdc) can be calculated
using (48).
11 

 dc  N 2 I c  d cos   r 

6 


(48)

Similarly using (46) in (3), the flux linkage between phase-c and q-axis (λqc) can be
calculated using (49).
4 

 qc  N 2 I c  q cos   r 

3 


(49)

To find Lcx (the mutual inductance between phases ‘c’ and ‘x’), the air-gap flux linkage
should be calculated by passing current through phase ‘c’ and keeping phase ‘x’ open.
The air

gap flux linkage due to phase ‘x’ (λgx) is given by (50).
 gx   dc cos(xd )   qc cos(xq )

Using (48) and (49) in (50), and using cos A cos B 

(50)

1
cos A  B   cos A  B 
2

11  



 gx  N 2 I c  q cos   r 
 cos  r    
6  
2


4 

 N 2 I c  q cos   r 
 cos  r   
3 

  
7 
 4
 
   
  cos
 d cos  2 r   
3 
N Ic   
 3
 



2 
  4
4   


  q cos
    cos  2 r   


3  


  3

2

 gx 

N 2Ic 
4  
 4


     d   q cos 2 r    
 d   q cos
2 
3 
 3



Now the mutual inductance between phases ‘c’ and ‘x’ is,
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(51)

Lcx 

 gx

(52)

Ic

Using (51) in (52)
2
2

4  N  d   q  
4  
 N  d   q  

Lcx  
cos  
cos  r   


2
3 
2
3 






4 
4 


Lcx  Lxc  L A cos  
  LB cos 2 r   

3 
3 



(53)

11) Deriving equation for Lcy
To find Lcy (the mutual inductance between phases ‘c’ and ‘y’), the air-gap flux linkage
should be calculated by passing current through phase ‘c’ and keeping phase ‘y’ open.
The air

gap flux linkage due to phase ‘y’ (λgy) is given by (54).
 gy   dc cos(yd )   qc cos(yq)

Using (48) and (49) in (54), and using cos A cos B 

(54)

1
cos A  B   cos A  B 
2

11   7


 gy  N 2 I c  d cos   r 
 r   
 cos
6   6


4  
2 

 N 2 I c  q cos   r 
 cos  r   

3  
3 

  
 
2 
  cos  2 r    3 
 d cos  
3 
N Ic   
 



2 
 

2 
  q cos  
  cos 2 r    2 

3 
 


2

 gy

N 2Ic 

2 


 d   q cos      d   q cos2 r    2
2 
3 



(55)

Now the mutual inductance between phases ‘c’ and ‘y’ is,

Lcy 

 gy
Ic
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(56)

Using (55) in (56)
2
2


2  N  d   q 
 N  d   q  

Lcy  
cos  
cos2 r   

2
3 
2






2 

Lcy  L yc  L A cos  
  LB cos2 r   
3 


(57)

12) Deriving equation for Lcz
To find Lcz (the mutual inductance between phases ‘c’ and ‘z’), the air-gap flux linkage
should be calculated by passing current through phase ‘c’ and keeping phase ‘z’ open.
The air

gap flux linkage due to phase ‘z’ (λgz) is given by (58).
 gz   dc cos(zd )   qc cos(zq)

Using (48) and (49) in (58), and using cos A cos B 

(58)

1
cos A  B   cos A  B 
2

11  
11 

 gz  N 2 I c  d cos   r 
 cos   r   

6  
6 

4  
4 

 N 2 I c  q cos   r 
 cos   r   

3  
3 

 
11  

 
 d cos    cos  2 r   
3  
N Ic  




2 

8  

  q cos    cos  2 r    

3  



2

N 2 Ic 
8 

 gz 
 d   q cos()   d   q cos 2r    
2 
3 


(59)

Now the mutual inductance between phases ‘c’ and ‘z’ is,

Lcz 

 gz
Ic

Using (59) in (60)
2

N 2  d   q  
2  
 N  d   q 

Lcz  
cos  
cos 2r   

2
2
3 
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(60)

2 

Lcz  Lzc  LA cos   LB cos 2r    
3 


(61)

13) Deriving equation for Lxy
The magneto motive forces (mmf) between q-axis and phase ‘x’ (Fqx) and between d-axis
and phase ‘x’ (Fdx) can be calculated using (62) and (63).
Fqx  NI x cosr  

(62)



Fdx  NI x cos r    
2


(63)

Using (63) in (3), the flux linkage between phase-x and d-axis (λdx) can be calculated
using (64).



 dx  N 2 I x  d cos r    
2


(64)

Similarly using (62) in (3), the flux linkage between phase-x and q-axis (λqx) can be
calculated using (65).

 qx  N 2 I x  q cosr  

(65)

To find Lxy (the mutual inductance between phases ‘x’ and ‘y’), the air-gap flux linkage
should be calculated by passing current through phase ‘x’ and keeping phase ‘y’ open.
The air

gap flux linkage due to phase ‘y’ (λgy) is given by (66).
 gy   dx cos(yd )   qx cos(yq)

Using (64) and (65) in (66), and using cos A cos B 

1
cos A  B   cos A  B 
2

   7


 gy  N 2 I x  d cos  r     cos
 r   
2  6


2 

 N 2 I x  q cos  r    cos  r   

3 

  

5 
 2  
 d cos 2 r  2    cos 

3 
N Ix   
 3 




2 
  2
2  


  q cos
    cos 2 r  2 


3  


  3

2
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(66)

 gy 

N 2 I x   d   q 
2  

  d   q cos 2r  2  

2 
2
3 


(67)

Now the mutual inductance between phases ‘x’ and ‘y’ is,

Lxy 

 gy

(68)

Ix

Using (67) in (68)
2
2

2  
  N  d   q  N  d   q  

Lxy  

cos 2r  2 

2
2
3 





Lxy  Lyx 

 LA
2 

 LB cos 2r  2 

2
3 


(69)

14) Deriving equation for Lxz
To find Lxz (the mutual inductance between phases ‘x’ and ‘z’), the air-gap flux linkage
should be calculated by passing current through phase ‘x’ and keeping phase ‘z’ open.
The air

gap flux linkage due to phase ‘z’ (λgz) is given by (70).
 gz   dx cos(zd )   qx cos(zq)

Using (64) and (65) in (70), and using cos A cos B 

(70)

1
cos A  B   cos A  B 
2

   11


 gz  N 2 I x  d cos  r     cos
 r   
2  6


4 

 N 2 I x  q cos  r    cos   r   

3 

  
7 
 4   
  cos  
 d cos 2 r  2 
3 
N Ix   
 3  



2 
  4 
4   

  q cos   cos 2 r   


3  

  3 

2

 gz

N 2Ix 
4  
 4 


 d   q cos    d   q cos 2 r  2  
2 
3 
 3 


Now the mutual inductance between phases ‘x’ and ‘z’ is,
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(71)

Lxz 

 gz

(72)

Ix

Using (71) in (72)
2
2

4  
 N  d   q   4  N  d   q  

Lxz  
cos  
cos 2r  2 

2
2
3 

 3 




 L
4  

Lxz  Lzx   A  LB cos 2r  2  
3 

 2

(73)

15) Deriving equation for Lyz
The magneto motive forces (mmf) between q-axis and phase ‘y’ (Fqy) and between d-axis
and phase ‘y’ (Fdy) can be calculated using (74) and (75).
2 

Fqy  NI y cos  r   

3 


(74)

7 

Fdy  NI y cos   r   

6 


(75)

Using (75) in (3), the flux linkage between phase-y and d-axis (λdy) can be calculated
using (76).

7 

 dy  N 2 I y  d cos  r    
6 


(76)

Similarly using (74) in (3), the flux linkage between phase-y and q-axis (λqy) can be
calculated using (77).

2 

 qy  N 2 I y  q cos r    
3 


(77)

To find Lyz (the mutual inductance between phases ‘y’ and ‘z’), the air-gap flux linkage
should be calculated by passing current through phase ‘y’ and keeping phase ‘z’ open.
The air

gap flux linkage due to phase ‘z’ (λgz) is given by (78).
 gz   dy cos(zd )   qy cos(zq)

Using (76) and (77) in (78), and using cos A cos B 
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1
cos A  B   cos A  B 
2

(78)

7  
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 cos   r   

6  
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 d cos 
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  q cos   cos 2 r  2  2
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2

N 2I y 
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 gz 
 d   q cos    d   q cos2r  2  2
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 3 


(79)

Now the mutual inductance between phases ‘y’ and ‘z’ is,
L yz 

 yz
Iy

(80)

Using (79) in (80)
2
2


 N  d   q   2  N  d   q 

L yz  
cos  
cos2 r  2 
2
2


 3 



L yz  Lzy 

 LA
 LB cos2 r  2 
2

(81)

16) Deriving equation for Laa
The self-flux linkage due to phase ‘a’ (λaa) is given by (82)
 aa   da cos(ad )   qa cos(aq)

(82)

Using (4) and (5) in (82),


 aa  N 2 I a  d cos 2   r    N 2 I a  q cos 2  r
2

2
 N I a  d cos2 r    cos 0   q cos 2 r  cos 0

 aa 

N 2Ia
2



d

  q    d   q cos2 r 

(83)

The stator leakage inductance (Lls) is primarily due to leakage flux at the end turns. This
accounts for 5-10% of maximum self-inductance. Now, the self-inductance (Laa) is
196

Laa  Lls 

 aa
Ia

N2
 d   q    d   q cos(2 r )
 Lls 
2

Laa  Lls  L A  LB cos 2 r

(84)

17) Deriving equation for Lbb
The self-flux linkage due to phase ‘b’ (λbb) is given by (85)
 bb   db cos(bd )   qb cos(bq)

(85)

Using (26) and (27) in (85), we get
7 
2 

2
2
bb  N 2 I b  d cos 2   r 
  N I a  q cos  r 

6 
3 



bb 

N 2 Ib 
4  

 d   q    d   q cos 2r  
2 
3 


(86)

Now, the self-inductance (Lbb) is,

Lbb  Lls 

 bb
Ib

N2 
4  

Lbb  Lls 
 d   q    d   q cos 2r  
2 
3 

4 

Lbb  Lls  LA  LB cos 2r 

3 


(87)

18) Deriving equation for Lcc
The self-flux linkage due to phase ‘c’ (λcc) is given by (88).
 cc   dc cos(cd )   qc cos(cq)

(88)

Using (48) and (49) in (88),
11 
4 

2
2
 cc  N 2 I c  d cos 2  r 
  N I c  q cos  r  
6 
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N 2Ic 
4  

 d   q    d   q cos 2 r  
2 
3 


Now, the self-inductance (Lcc) is,
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(89)

4 

Lcc  Lls  L A  L B cos 2 r 

3 


(90)

19) Deriving equation for Lxx, Lyy, and Lzz
To find Lxx , L yy and Lzz , add  to  r in the equations of Laa , Lbb and Lcc respectively.
Thus,

Lxx  Lls  LA  LB cos2r  

(91)

4 

Lyy  Lls  LA  LB cos 2r   

3 


(92)

4 

Lzz  Lls  LA  LB cos 2r   

3 


(93)

20) Equations for elements in the 6-phase inductance matrix
The elements of 6-phase inductance matrix are obtained as follows:

1
2 

Lab  Lba   L A  LB cos 2 r 

2
3 

1
2 

Lac  Lca   L A  LB cos 2 r  
2
3 

Lax  Lxa  LA cos   LB cos2 r  

2 
2 


Lay  L ya  L A cos      LB cos 2 r    
3 
3 


4 
4 


Laz  Lza  L A cos      LB cos 2 r    
3 
3 


1
Lbc  Lcb   L A  LB cos 2 r
2

2 
2 


Lbx  Lxb  L A cos     LB cos 2 r    
3 
3 


4 

Lby  L yb  L A cos()  LB cos 2 r    
3 

198

2 

Lbz  Lzb  L A cos  
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Appendix B
Derivation of Winding Function for 36/30
FSCW SPM Machine
B.1. Phase Distribution and Winding function for 36/30 single-layer and
double-layer SPMSM
Winding function theory is used to determine the winding inductance, armature
reaction field, magnitude of winding harmonics and harmonic winding factors in a
fractional slot concentrated winding (FSCW) PM machine. In order to obtain the winding
function for any slot-pole combination, the following steps can be followed:
Step 1: In order to obtain the winding function of a machine, it is sufficient to consider
the phase distribution under one particular phase and then extend it to other phases. For
instance, if the winding distribution is drawn for phase A in a 3-phase configuration, the
winding function for Phase B can be obtained by shifting Phase A winding function by
1200 electrical and similarly for Phase C by shifting Phase A winding function by 240 0
electrical. A 36-teeth/30-pole combination is taken up for analysis for both single and
double layer winding configurations.
The phase distribution of any PM machine is based on the number of slots per pole per
phase (SPP). For values below unity, SPP is reduced to a fraction of non-divisible
integers. For the 3-phase, 36/30 SPM machine, the following is obtained.

SPP36

303

2

5

(1)

From (1), it is seen that 36 slots and 30 poles are divided into 6 units (greatest common
divisor for 36 and 30), with 6 slots and 5 poles under each unit. The phase distribution
under a single unit is consequently repeated 6 times to obtain the overall machine phase
distribution. If the denominator of SPP in its non-divisible form is odd, the phase
distribution is anti-periodic, i.e. the start and finish of the coils for Phase A under one unit
are alternated for the consecutive units.
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Step 2: Once the number of units is obtained, it is necessary to determine the winding
pattern under each unit contributed by all the phases in the machine. In order to determine
the winding pattern, a sequence of 0’s and 1’s is identified and repeated according to the
number of phases in the machine. This sequence can be derived from the SPP, where the
number of 1’s is equal to the numerator of SPP; 2 in this case and the number of 0’s is
equal to difference between the denominator and numerator, i.e., (5-2) =3. Hence, the
repeatable sequence can be 10010 or 10100. 10010 or 10100 will be chosesn based on the
winding factor and space harmonic specrum. Here, for a three-phase machine, we obtain:

10010 10010 10010
Step 3: For a general 3-phase machine with 120 deg difference between each of the
three phases, going anti-clockwise on the phase distribution, phase sequence AC’BA’CB’
is evenly distributed for the aforementioned pattern, where A denotes the start of phase A
coil and A’ is the finish of the coil. The same notation is used for the other phases as
well.
1 0 0 1 0

1 0 0 1 0 1 0 0 1 0

A C’ B A’ C

B’ A C’ B A’ C B’ A C’ B

Next, the phases associated to the number ‘1’ of the sequence are selected to make the
first layer of the winding. The second layer of the winding is obtained by shifting the
initial layer by a tooth.
First Layer: A A’ B’ B C C’
Second Layer: A’ A B B’ C’ C
1

2

3

4

5

6

A′

B

B′

C

C′

A

A

A

1

2

3

4

C′ A

A′ A′

A B′

B B′
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5
B C′

6
C C

The first layer in this case of slot-pole combination has start and finish of all three
phases and hence can be utilized for single layer winding as well. With 36 slots in the
stator, each slot occupies 10o (mechanical degrees). In order to plot the winding function
for Phase A, the conduction angles are determined for 2π mechanical radians of the
stator. Considering the start and finish of a coil for Phase A for all the 36 slots, there are
12 coils/phase in the case of double-layer windings and 6 coils/phase for single-layer
winding.
A

C’
C

C
C’
B
B’
B’
B
A’

100 deg
mechanical

A
A’

Fig. B1. Cross-sections of the 3-phase 36/30 double layer FSCW SPM machines under consideration
showing phase distribution.

Step 4: Considering a sinusoidal winding distribution in the stator, we can represent the
winding density distribution as

N ()  Nm sin 

(2)

where θ is the rotor position, Nm is the peak value of winding distribution corresponding
to number of turns per coil. Otherwise Nm is the turns/coil. The total number of turns per
phase for 36/30 double-layer SPM machine is 84 where the number of coils/phase is 12.
Similarly, for a single-layer 36/30, turns/phase is 42 and number of coils/phase is 6.
From (3), the turns/coil for single-layer (NSL) and double-layer (NDL) is calculated as 7.
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Turns/phase  Turns/coil  Coils/phase

(3)

Winding function for 2π mechanical radians for Phase A conduction with magnitude of
every coil as Nm = 7 is drawn below. Thus, Fig. 1(a) and (b) represent the winding
function diagram for a 36-slot, 30 pole SPM machine with single layer and double layer
winding configuration respectively.
Phase A conduction for single-layer 36/30 conisdering the first slot to have a reference
angle of 0 deg mechanical.
In mechanical degrees and radians:
0

18
  7
3
18
2  13
3
18
  19
18
4  25
3
18
5  31
3
18

0  10
60  70
120  130
180  190
240  250
300  310

Phase A conduction for double-layer 36/30 conisdering the first slot to have a reference
angle of 0 deg mechanical.
In mechanical degrees and radians:



36
18
11  
36
3
13  7 
36
18
23  2
36
3
25  13
36
18
35  
36
37   19
36
18
47   12
36
9
49  25
36
18
59  15
36
9
61  31
36
18
71  2
36

5  10
55  60
65  70
115  120
125  130
175  180
235  240
245  250
295  300
305  310
355  360
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(a)

(b)
Fig. B.2. Winding function for 3-phase 36-teeth/30-pole SPM machine. (a) Single-layer winding. (b)
Double-layer winding.

B.2. Winding Harmonics for 36/30 Single-layer and Double-layer SPMSM

Normalized Winding
Function [pu]

2.5

Single Layer 36/30

2

Double Layer 36/30

1.5
1
0.5
0

1

3

5

7

9 11 13 15 17 19 21 23 25 27 29
Harmonic Order

Fig. B.3. Winding harmonics for 3-phase 36-teeth/30-pole single and double layer windings.
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To understand the harmonic components contributing to leakage inductance and torque
production, it is important to analyze the space harmonic spectrum of winding functions
as in Fig. 1, for both single and double layer concentrated windings. Fig. 2. can be
obtained by applying Fast Fourier Transform to Fig. 1.

B.3. Winding Inductances
FSCW machines are characterized by high leakage inductances contributed by winding
harmonics, stator slotting and end-winding. Hence, it is important to estimate the leakage
inductances contributed by each component. In this section, for the chosen 36/30
configuration, the harmonic leakage inductance caused by winding distribution is
estimated from winding functions illustrated in the previous sections. Initially, the self
and mutual inductances are calculated using Ampere’s Law and the winding function
through analytical equations. It is found that the self-inductance thus obtained, is
composed of the harmonic leakage inductance component as well as the magnetizing
inductance.
Consider a small portion of winding, dN at a position θ in the stator defining a flux path
of ABCDA when supplied with a fundamental current of I, as shown in Fig. 3.

Fig. 3. Cross- section of the machine with flux path defined by a small portion of winding dN

First, the effect of such a small incremental winding on inductance is calculated and then
integrated for the whole machine. By applying Ampere’s Law around the path ABCDA,
 H .dl

B

C

D

A

A

B

C

D

  H AB dl AB   H BC dlBC   HCD dlCD   H DAdlDA  IdN ()

(4)

Permeance of iron is much larger when compared to permeance of air-gap, hence HAD
and HBC can be neglected. Assuming a uniform air-gap without the effect of slotting,

205

H .dl  ( H AB * g )  ( HCD * g )  IdN()
H eff 

IdN ()
g

(5)
(6)

Flux linking the small portion of winding dN is the product of corresponding flux
produced and the winding under consideration, dN. Therefore, flux linking the total
number of turns for the entire rotor position from 0 to 2π is,



0

2
d    0 H eff dAN () 
0


d 

2



d N   

(7)

Where dA is the area of the flux produced by the winding portion dN expressed as in (8).
L

dA  rg  dl  rg L

(8)

0

Where rg is the air-gap thickness and L is the stack length. Using (6) and (8) in (7),



0 Irg L 2 
g



0

N 2  

(9)

Clearly, the flux linkage derived in (9), consists of flux components produced by the
winding itself with no mutual effects. Thus, the associated self- inductance can be written
as in (10).

Laa 

 0 rg L 2  2

 Na  
I
g 0

(10)

where, Na(θ) is the winding function for Phase A as shown in Fig.1 (a) and (b). Similarly,
mutual inductance for Phase A and Phase B can be written as in (11).

Lab 

 0 rg L 2 

 N a    Nb   
I
g 0

(11)

where Nb(θ) is the winding function for Phase B.
From Fig. 1 (a) and (b), winding functions for 36-teeth/30-poles single layer and double
2

2
layer, the self- inductance can be calculated from (11) where  N a    is the total area of
0

conduction in the winding function. This self- inductance calculated from winding
function consists of harmonic leakage inductance and magnetizing inductance.
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o

2 
rg LN SL
*6 
kc g
18


o
2 

rg LN DL *6 
kc g
18 

(12)

o
2  
rg LN SL
kc g
3 


o
2 

rg LN DL
kc g
3


(13)

Laa  SL 
Laa  DL

Laa  SL 
Laa  DL
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“Investigation of Six-Phase PM Machine to Mitigate Demagnetization, Torque
Oscillation, Magnet and Core Losses during Integrated Charging Operation in
Electric Vehicles,” submitted digest to IEEE Transaction on Magnetics.

2.

K. L. V. Iyer, C. Lai, H. Dhulipati, S. Mukundan, K. Mukherjee and N. C. Kar,
“A Novel Six Phase Machine Design Approach towards Mitigation of Challenges
in Integrated Charging and EV Traction,” to be submitted IEEJ Transactions on
Electrical and Electronic Engineering.

3.

K. L. V. Iyer, C. Lai, S. Mukundan, H. Dhulipati, K. Mukherjee, and N. C. Kar,
“Investigation and Mitigation of Challenges in Permanent Magnet Synchronous
Machines during Integrated Charging Operation in Electric Vehicles ,” to be
submitted to IEEE Transactions on Industrial Electronics.

4.

S. Mukundan, K. L. V. Iyer, H. Dhulipati,, K. Mukherjee and N. C. Kar,
“Comparison of Inductance Determination Methods for Testing Permanent
Magnet Synchronous Machines on Electrified Vehicle Powertrain Testers” to be
submitted International Transactions on Electrical Energy Systems.
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5.

G. Feng, C. Lai, K. L. V. Iyer, and N. C. Kar, “High-Frequency Signal Injection
based PMSM Magnet Temperature Estimation Considering Cross-Coupling
Magnetic Saturation,” submitted to IEEE Transactions on Industrial Electronics.
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Appendix D
Industrial Research Contributions, Awards
and Scholarships
D.1. Industrial research contributions during my tenure as a graduate
student at the University of Windsor towards:
1.

Advanced Electric Machine Design and Testing for EV - Ford Motor Company,
Canada and D&V Electronics, Canada (In progress)

2.

Design and Development of Advanced Electric Vehicle Powertrain Components
and Systems Tester - D&V Electronics, Canada (In progress)

3.

Power Line Fault Detection and Classification Unit for Three-phase Transmission
Line System – Essex Energy Corporation, Ontario, Canada. (Completed)

4.

Development of Anti-Drunk Driving Technology for Electric and Hybrid Electric
Vehicles – Sober Steering Sensors, Canada. (Completed)

5.

Design and Implementation of a Controlled Seamless Power Transfer Scheme –
SunSource Grids Inc., Canada. (Completed)

D.2. List of Awards and Scholarships recived during my tenure as a
graduate student at the University of Windsor:
1.

Alexander Graham Bell Canada Graduate Scholarship, NSERC CGS, 2014 –
2016

2.

Michael Smith Foreign Study Supplements Program, 2014-2015

3.

Ontario Graduate Scholarship (OGS), 2014 - 2015

4.

Tri-Council Recognition Scholarship (TCRS), 2014 - 2016

5.

Ontario Graduate Scholarship (OGS), 2013 – 2014

6.

Third Best Poster Award in FedDev Ontario Applied Research and
Commercialization Initiate Projects Poster Competition, University of Windsor,
2013.

7.

University of Windsor Outstanding Graduate Student Award for Excellence in
Research, Scholarship and Creative Activity, 2012

8.

University of Windsor Graduate Tuition Scholarship (for MASc and PhD)

9.

University of Windsor Graduate Teaching Assistance (for MASc and PhD)

10.

Research Scholarship from the Canada Research Chair Program in Electrified
Transportation Systems (for MASc and PhD)
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Appendix E
Permission for using IEEE publications
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Vita Auctoris
Name: Lakshmi Varaha Iyer
Place of Birth: India
Education:
2011: Master of Applied Science in Electrical and Computer Engineering,
University of Windsor, Windsor, Ontario, Canada N9B 3P4
2009: Bachelor of Technology in Electronics and Communication Engineering,
SASTRA University, Thanjavur, Tamil Nadu, India
2005: Pre-University Degree, Sri Kumaran Public School, Bangalore, Karnataka,
India
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